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regioselectivity, substituent effects, synthetic implications

Ring opening and expansion of multicyclic cyclobutylcarbinyl radicals provides an appealing method
for the construction of heavily substituted ring systems in a stereocontrollable fashion. Here we conducted
the first, systematic study on the regioselectivity in the rearrangement of various synthetically relevant
cyclobutylcarbinyl radicals. It was found that a two-layer ONIOM method, namely ONIOM(QCISD-
(T)/6-311+G(2d,2p):B3LYP/6-311G(2df,2p)), could accurately predict the free energy barriers of the
ring openings of cyclobutylcarbinyl radicals with a precision of 0.3 kcal/mol. By using this powerful
tool we found that the regiochemistry for the ring opening of monocyclic cyclobutylcarbinyl radicals
could be easily predicted by the relative stability of the two possible carbon radical products. A linear
correlation was found between the activation and reaction free energies. This observation indicated that
the ring opening of cyclobutylcarbinyl radicals was strongly affected by the thermodynamic factors. On
the basis of the above results we extended our study to the rearrangement of bicyclic cyclobutylcarbinyl
radicals that could undergo both ring opening and expansion. It was found that for bicyclic
cyclobutylcarbinyl radicals whose radical center was located at the bridge methyl group, ring expansion
was the favored rearrangement pathway unless a strongly radical-stabilizing substituent was placed in
the cyclobutyl ring adjacent to the bridge methyl group. On the other hand, for bicyclic cyclobutylcarbinyl
radicals whose radical center was located at the 2-position, ring opening was the favored rearrangement
pathway unless a strongly radical-stabilizing substituent was placed in the cyclobutyl ring at the bridge
position.

1. Introduction carbinyl radicals to 3-butenyl radic&€onsiderable efforts have

Ring opening of cyclic free radicals has long been a subject P8€N made to study the rates and regioselectivity of the
of broad interest to organic chemists because it has wide CYClOPropylcarbinyl radical ring-opening reactions. A number
potential for both mechanistic (.g., radical cldgkmd synthetic ~ ©f Synthetic applications of this type of ring-opening reactions
applications. Up to now the free radical ring opening that has (in particular, applications to ring expansions) have also been
attracted the most attention is the ring opening of cyclopropyl- developed for the synthesis of naturally occurring as well as
pharmaceutically active compoungidzurthermore, in some

T Tsinghua University. ) recent studies attention has been paid to the ring opening of

* University of Science and Technology of China. t ther th I b t 2 iridinvi binvl

(1) () Griller, D.; Ingold, K. U.Acc. Chem. Resl98Q 13, 317. (b) Systems other than all-carbon atoms, €.g., c-azindinyicarbiny
Martin, N. Tetrahedron1993 49, 1151. and 2-oxiranylcarbinyl radicarfs.
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In contrast to the extensive literature related to cyclopropyl-
carbinyl radicals, the ring opening of cyclobutylcarbinyl radicals

has received much less attention although the earliest observa-

tions of the this type of ring opening can be dated as far back
as 19508.The reasons for the lack of studies on cyclobutyl-
carbinyl radicals are probably 2-fold: (1) the cyclobutylcarbinyl
radical ring opening is often less efficient than that of the
cyclopropylcarbinyl radical and (2) the regiochemistry in the
cyclobutylcarbinyl radical ring opening has not been well

understood. Despite these limitations, some synthetically useful

cyclobutylcarbinyl radical ring-opening reactions occasionally
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have been reported over the past few years. For example, in

1992 Crimmins et al. reported a tandem fragmentation

expansion sequence that began with a cyclobutylcarbinyl radical

(Scheme 1§. In 1994 Walton et al. reported fascinating
rearrangement of the 9-Basketyl radical by multiple cyclobu-
tylcarbinyl radical ring opening5ln 1995 Morrell et al. reported

an interesting synthesis of cis-disubstituted cyclopentenes from

substituted bicyclo[3.2.0]heptenone radicals. 2000 Ziegler
et al. reported a highly selective cyclobutylcarbinyl radical ring

opening in their study toward the synthesis of sesquiterpene

FS-22 Finally, in 2006 Sorensen et al. reported convergent

syntheses of Guanacastepenes A and E featuring a selective

cyclobutylcarbinyl radical ring-opening fragmentatit!

The above interesting synthetic applications indicate that
detailed kinetic and mechanistic studies on the ring opening of
cyclobutylcarbinyl radicals are warranted. However, over the

past 20 years only several sporadic studies have been conducted

concerning this subjeé¢Z 14 In one of these important studies

Newcomb et al. accurately measured the rates of ring openings

(2) Recent examples: (a) Xu, L.; Newcomb, WM. Org. Chem2005
70, 9296. (b) Tanko, J. M.; Gillmore, J. G.; Friedline, R.; Chahma,JM.
Org. Chem2005 70, 4170. (c) Chahma, M.; Li, X.; Phillips, J. P.; Schwartz,
P.; Brammer, L. E.; Wang, Y.; Tanko, J. M. Phys. Chem. 2005 109,
3372. (d) Flemming, B.; Kretzschmar, I.; Friend, C. M.; Hoffmann JR.
Phys. Chem. 2004 108 2972. (e) Cooksy, A. L.; King, H. F.; Richardson,
W. H. J. Org. Chem2003 68, 9441. (f) Tian, F.; Baker, J. M.; Smart, B.
E.; Dolbier, W. R.J. Fluorine Chem2002 114, 107. (g) Stevenson, J. P.;
Jackson, W. F.; Tanko, J. Ml. Am. Chem. SoQ002 124, 4171. (h)
Takekawa, Y.; Shishida, KI. Org. Chem2001, 66, 8490. (i) Halgren, T.
A.; Roberts, J. D.; Horner, J. H.; Martinez, F. N.; Tronche, C.; Newcomb,
M. J. Am. Chem. So00Q 122, 2988.

(3) Yet, L. Tetrahedron1999 55, 9349 and references cited therein.

(4) (a) Li, J. J.Tetrahedron2001, 57, 1. (b) Gansauer, A.; Lauterbach,
T.; Narayan, SAngew. ChemInt. Ed.2003 42, 5556 and references cited
therein.

(5) (a) Oldroyd, D. M.; Fisher, G. S.; Goldblatt, L. A. Am. Chem.
Soc.195Q 72, 2407. (b) Dupont, G.; Dulou, R.; Clement, Bull. Soc.
Chim. Fr.195Q 1056. (c) Neckers, D. S.; Hardy, J.; Schaap, AJ.FOrg.
Chem.1966 31, 622. (d) Kaplan, LJ. Org. Chem1968 33, 2531.

(6) (a) Crimmins, M. T.; Dudek, C. M.; Cheung, A. W. Hletrahedron
Lett. 1992 33, 181. (b) Crimmins, M. T.; Wang, Z.; McKerlie, L. A.
Tetrahedron Lett.1996 37, 8703. (c) In this particular example, the
precursor of the cyclobutylcarbinyl radical was a thiocarbamate produced
from the reaction between the corresponding alcohol anfetiidcarbon-
yldiimidazole. The radical fragmentatiemearrangement reaction was
achieved by slow addition of tributyl tin hydride to thiocarbamate ove65
h.

(7) Binmore, G. T.; Della, E. W.; Elsey, G. M.; Head, N. J.; Walton, J.
C.J. Am. Chem. S0d.994 116, 2759.

(8) Horwell, D.; Morrell, A. |.; Roberts, ETetrahedron Lett1995 36,
459,

(9) Ziegler, F. E.; Kover, R. X.; Yee, N. N. Kletrahedron Lett2000
41, 5155.

(10) Shipe, W. D.; Sorensen, E.J.Am. Chem. So006 128 7025.

(11) Other examples: (a) Lange, G. L.; Gottardo,T€trahedron Lett.
199Q 31, 5985. (b) Ranu, B. C.; Das, A. R. Chem. Sog¢Perkin Trans.
11994 921. (c) Lange, G. L.; Gottardo, G. Org. Chem1995 60, 2183.
(d) Dai, H.-S.; Roberts, B. P.; Tocher, D. ®rg. Biomol. Chem2003 1,
4073.
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Sorensen et al.

for a few 2-phenyl-substituted cyclobutylcarbinyl radicals by
using the laser flash photolysis methdéiEurthermore, in 2001
Dolbier et al. demonstrated the utility of the density functional
theory (specifically, the UB3LYP/6-3HG(2df,2p)//UB3LYP/
6-31G(d) method) in the study of the ring openings of some
fluorine-substituted cyclobutylcarbinyl radicafsDespite these
pioneering studies, very little mechanistic work has been
reported on the regiochemistry in the ring openings of cyclobu-
tylcarbinyl radicals.

In the present study we benchmarked a high-level theoretical
procedure that could accurately predict the free energy barriers
of cyclobutylcarbinyl radical ring openings with a precision of
0.3 kcal/mol. Equipped with this dependable theoretical tool,
we systematically studied the regioselectivity in the ring
openings of monocyclic and, more importantly, bicyclic cy-
clobutylcarbinyl radicals that carried synthetically relevant
substituents. Note that all the examples in Scheme 1 show the
ring openings of cyclobutylcarbinyl radicals that are fused in
multicyclic ring systems. Under these conditions the rearrange-
ment can take place either through simple ring opening or, more
interestingly, ring expansion (Scheme 2). If the reaction
regioselectivity can be strategically controlled, ring opening of
cyclobutylcarbinyl radicals fused in bicyclo[2.2.0]hexanes,
bicyclo[3.2.0]heptanes, and bicyclo[4.2.0]octanes provides a
highly interesting and creative route toward the construction of

(12) (a) Beckwith, A. L. J.; Moad, GJ. Chem. Sog¢Perkin Trans. 2
198Q 1083. (b) Ingold, K. U.; Maillard, B.; Walton, J. Q. Chem. Soc.
Perkin Trans. 21981, 970. (c) Walton, J. CJ. Chem. Sog¢Perkin Trans.
21989 173. (d) Newcomb, M.; Horner, J. H.; Emanuel, CJ.JAm. Chem.
So0c.1997, 119, 7147. (e) Choi, S.-Y.; Horner, J. H.; Newcomb, 81.0rg.
Chem.200Q 65, 4447.

(13) Calvin, J.; Horner, J. H.; Newcomb, M. Phys. Org. Chen2000
13, 688.

(14) Baker, J. M.; Dolbier, W. R., Jd. Org. Chem2001, 66, 2662.
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SCHEME 2 CHART 1
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n n . n tuted cyclobutylcarbinyl radicals were impractical with the

ring opening only

ring opening  ring expansion current computational resourt®A two-layer ONIOM method
. was utilized, that is, ONIOM(QCISD(T)/6-3#1G(2d,2p):
D:>) . .@) N @) B3LYP/6-31HG(2df,2p)). The inner layer treated at the “high”
n n ' 'n rxn 3 level (i.e., QCISD(T)/6-31+G(2d,2p)}° was comprised of five
ring opening  ring expansion heavy atoms and their hydrogens, while the whole system was
treated at the “low” level (i.e., B3LYP/6-311G(2df,2p)) (see
For synthetically important systems, n =0, 1, 2 Chart 1). The gas-phase free energy change was calculated for

an ideal gas model under the rigid rotor/harmonic oscillator

six-, seven-, and eight-membered ring systems via ring expan-approximation. It was corrected with ZPVE, thermal corrections

sion (for instance in Sorensen’s synthesis of Guanacastepene§0—298 K), and the entropy terms. All the calculated gas-phase
A and E9). free energies corresponded to the reference state of 1 atm and

298 K.
2. Method

o . ) ) 3. Results and Discussion
Ab initio calculations were performed with the Gaussian 03

suite of programs5 Geometry optimizations were conducted ~ 3.1. Systems with Known Experimental DataMany years
using the B3LYP/6-31G(d) method without any constrafnt. ~ ago the ring opening of unsubstituted cyclobutylcarbinyl radical
Frequency calculations were carried out at the B3LYP/6-31G- Was found to be a relatively “slow” reaction with= 4.7 x
(d) level of theory and performed on all of the species to confirm 10* s™* at 333 Ki#In 2000 Newcomb et al. further measured
convergence to appropriate local minima or saddle points on the rate constants for the ring openings of several 2-phenyl-
the energy surface. All the zero-point vibrational energies Substituted cyclobutylcarbinyl radicals by using the laser flash
(ZPVE) and thermochemical corrections were calculated using Photolysis methods? From these rate constants we have
the unscaled B3LYP/6-31G(d) frequencies. In all instances, calculated the corresponding free energy barriaq(f) using
transition-state structures gave one and only one imaginarythe transition-state theory (eq 1) with transmission coefficient
frequency, while no imaginary frequencies were observed for €quated to unity (Table 1). These free energies are then
the minimum-energy species. compa}red with the theoretical vglues predicted for the corre-
Single-point energies were determined using the ONIOM sponding gas-phase transformations at the ONIOM(QCISD(T)/
method!” because pure QCISD(T) calculations for the substi- 6-311G(2d,2p):B3LYP/6-31+G(2df,2p)) level. Furthermore,
we have also used the B3LYP/6-3tG(2df,2p) method to

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.: Scuseria, G. E.; Robb, calculate the energy barriers directly.
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; kBT _AG*

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A; k=—— Q)
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; h RT

Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.; From Table 1 it can be seen that the theoretical activation

Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; free energies predicted by the ONIOM(QCISD(T)/6-313-

Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; . ;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, (2d,2p):B3LYP/6-31+G(2df,2p)) method are in excellent

A. D.; Strain, M. C.. Farkas, O.. Malick, D. K.; Rabuck, A. D.. agreement with the experimental values. The mean errodi2
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; kcal/mol and the root-mean-square (rms) error is 0.3 kcal/mol

(P:".ﬁﬁgdﬁ;'g%'iosl'f’msgﬁg';Stel_f"’}”g(‘)’)*(Bij ',"Eé%; "T""‘,S/'lle_’cg?]ﬁﬁ; ';’\’/'IS‘X”,Z' (Figure 1a). On the other hand, the theoretical activation free

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,

B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03 (18) Recent applications of the ONIOM method related to radical

revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003. chemistry: (a) Fukaya, H.; Morokuma, K. Org. Chem2003 68, 8170.
(16) Some recent applications of the density functional theory methods (b) Wang, Y.-M.; Fu, Y.; Liu, L.; Guo, Q.-XJ. Org. Chem.2005 70,

to radical cyclization or opening: (a) Yu, Y.-Y.; Fu, Y.; Xie, M.; Liu, L.; 3633. (c) Li, M.-J.; Liu, L.; Fu, Y.; Guo, Q.-XJ. Phys. Chem. R005

Guo, Q.-X.J. Org. Chem2007, 72, 8025. (b) Pinter, B.; De Proft, F.; Van 109 13818. (d) Kwiecien, R. A.; Khavrutskii, I. V.; Musaev, D. G.;

Speybroeck, V.; Hemelsoet, K.; Waroquier, M.; Chamorro, E.; Veszpremi, Morokuma, K.; Banerjee, R.; Paneth, PAm. Chem. So2006 128 1287.

T.; Geerlings, PJ. Org. Chem2007, 72, 348. (c) Lu, H.; Chen, Q.; Li, C. (e) Li, M.-J.; Liu, L.; Wei, K.; Fu, Y.; Guo, Q.-XJ. Phys. Chem. B00g

J. Org. Chem2007, 72, 2564. (d) Guan, X.; Phillips, D. L.; Yang, 0. 110 13582. (f) Namazian, M.; Coote, M. LJ. Phys. Chem. 2007, 111,
Org. Chem2006 71, 1984. (e) Scanlan, E. M.; Walton, J. Belv. Chim. 7227. (9) l1zgorodina, E. I.; Brittain, D. R. B.; Hodgson, J. L.; Krenske, E.
Acta 2006 89, 2133. (f) Alabugin, I. V.; Manoharan, Ml. Am. Chem. H.; Lin, C. Y.; Namazian, M.; Coote, M. LJ. Phys. Chem. 2007, 111,
Soc.2005 127, 12583. (g) Liu, L.; Chen, Q.; Wu, Y.-D.; Li, CJ. Org. 10754. (h) Shi, J.; Zhang, M.; Fu, Y.; Liu, L.; Guo, Q.-Xetrahedron
Chem.2005 70, 1539. (h) Alabugin, I. V.; Manoharan, M. Am. Chem. 2007, 63, 12681.
Soc.2005 127, 9534. (i) DiLabio, G. A.; Scanlan, E. M.; Walton, J. C. (19) Reliability of using the coupled-cluster methods to model organic
Org. Lett.2005 7, 155. (j) Chen, Q.; Shen, M.; Tang, Y.; Li, ©rg. Lett. radicals: (a) Matsubara, H.; Ryu, I.; Schiesser, COty. Biomol. Chem.
2005 7, 1625. 2007, 5, 3320. (b) Matsubara, H.; Falzon, C. T.; Ryu, I.; Schiesser, C. H.
(17) Reviews: (a) Dapprich, S.; Komiromi, I.; Byun, K. S.; Morokuma,  Org. Biomol. Chem2006 4, 1920. (c) Matsubara, H.; Rye, I.; Schiesser,
K.; Frisch, M. J.THEOCHEM1999 461-462 1. (b) Morokuma, KBull. C. H. J. Org. Chem.2005 70, 3610. (d) Cooksy, A. L.; King, H. F;
Korean Chem. So@003 24, 797. Richardson, W. HJ. Org. Chem2003 68, 9441.
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TABLE 1. Experimental (298 K) and Theoretical Activation Free TABLE 2. Activation (AG*, kcal/mol) and Reaction Free Energies
Energies for the Ring Openings of Substituted Cyclobutylcarbinyl (AG, kcal/mol) at 298 K for the Ring Opening of Monocyclic
Radicals (kcal/mol) Cyclobutylcarbinyl Radicals?
R R °
R g R .
oy A o ol
| ]
AGieor”™ AGrenr”™
-1 # theor theor
Compound ke (57 AGey (gas-phase)®  (gas-phase)’ 1 it
[( : 5.0% 10° 13.7 145 11.9 Entry R Structure
. AG* 4G 4G* 4G
H 4.7x10* 11.1 112 8.6
P e 1310 (THF) 7.7 (THF) 16 s 1 H D\%Hz +14.5 -4.8 +14.5 4.8
j:( 1.3x 10" (MeCN) 7.7 (MeCN) ’ ’
H o . 2 cis-CH +14.7 -5.5 +11.2 -9.5
Phﬂ 32x 10" (THF) 7.2 (THF) 73 43 P HCT TGH,
Ph 2 7 3 -CH 14.9 -2. 12. .
o Me 1.0><1(7) (THF) 7.9 (THF) 78 55 trans-CHs ) D\gHz + 2.7 +12.9 -6.7
1.0x 10" (MeCN) 7.9 (MeCN)

N 4 cis-Ph /D\C +15.9 4.1 +1.3 -19.7
)

H
Ph‘]:f Me 3.9x 107 (THF) 7.1 (THF) 7.2 45 Ph

Q 7 8
PE_]:H\ 0.8 x 10" (THF) 8.0 (THF) 82 59 5 trans-Ph PR D\. +15.4 -1.1 17.6 -16.8

H 0.9% 107 (MeCN) 8.0 (MeCN) QH2
Ph, 5x10°(THF) 8.1 (THF) 6  cis-OCH I +15.1 44 492 105
[fCOOE' 8% 10°(MeCN) 7.8 (MeCN) 88 63 P Me0”  TCH, T
avalues calculated by the ONIOM(QCISD(T)/6-3%G(2df,2p):B3LYP/ 7m0l e Ve, MO 2 MM 82
6-3114G(2df,2p)) method? Values calculated by the B3LYP/6-
3114+G(2df,2p) method. /D\
8  cis-COCH; +160  —40  +64  -167
MeOC CH,

energies predicted by the B3LYP/6-3&®(2df,2p) method are
systematically lower than the experimental values by 2.3 kcal/ 9  #ans-cocH,
mol (Figure 1b). The rms error of the B3LYP/6-3#G(2df,-
2p) predictions is also as high as 2.7 kcal/mol. These results 2AG* values andAG values are calculated by using the ONIOM(Q-
demonstrate that the ONIOM method, put forward in this work, CISD(T)/6-31}-G(2df,2p):B3LYP/6-31%G(2df,2p)) method.cis-R or
is an appropriate and yet feasible technique to calculate thetransR depicts the orientation of the R group relative to theH;" group.
energy barrier for the ring opening of cyclobutylcarbinyl ) ]
radicals. the two possible rearrangement modes differ by2e&3 kcal/
Additionally, it is also evident from Table 1 that the mol, which means that the ring open_ing should predominantly
theoretical activation free energies calculated for the gas-phaseProduce a Me-substituted carbon radical. Furthermore, once the
ring-opening reactions are in good agreement with the experi- Substituent is changed to Ph, OMe, and CQGéhtries 4-9,
mental values measured in both THE and MeCN. This observa- Table 2), _the differen_ce of the free energy barriers between the
tion indicates that the energy barriers for the ring opening of tW0 opening modes increases ta ba-10 kcal/mol so that the
cyclobutylcarbinyl radicals are not sensitive to the solvation 'éarrangement exclusively gives the substituted radical as the
effect. The absence of a kinetic effect due to changes in solventProduct. All the above observations can be readily explained
polarity is consistent with the expectation that the transition N terms of the radical spln-delocallz_anon st_ab|llzat|on efiect
states will not be polarized for radical reactions. On the basis Of both the electron-donating and -withdrawing groéipshus,
of this observation, we will only study the gas-phase kinetics the ring opening of monocyclic cyclobutylcarbinyl radicals can
in the following studies on the ring opening of cyclobutylcar- be easily predlcted by the relative stability of the two possible
binyl radicals. carbon ra(_j|cal products. _ _ o
3.2. Monocyclic Cyclobutylcarbinyl Radicals. With a Interestlngly,_through S|mplg correlatlo_n anaIyS|_s it is fou_nd
reliable theoretical method in hand, we next study the substituentthat the activation free energies of the ring-opening reactions
effects on the regiochemistry in the ring opening of monocyclic havg a linear dependence on the reaction free energies. As shown
cyclobutylcarbinyl radical. Four types of synthetically relevant in Figure 2, when the relative activation free energy between
substituents are considered, which includesQtd represent  the substituted and unsubstituted cases AAG" = AGr" —
alkyl groups), Ph (to represent aryl groups), OMe (to represent AGy") is plotted against the.relat!ve reactlop free energy (i.e.,
electron donors), and COMe (to represent electron acceptors) AAG = AGr — AGy), a straight line is obtained with a good
Both the cis and trans isomers of the reactants have been studiegorrelation coefficientr(= 0.9476) and a low standard deviation
(Table 2). (sd= 1.1 kcal/mol). The positive slope (0.58) of the correlation
From Table 2, it can be seen that the substituents have a

; ; ; (20) Jiang, X.-K.Acc. Chem. Re€.997, 30, 283.
strong control on the regiochemistry of cyclobutylcarbinyl (21) (@) Henry, D. J.. Parkinson, C. J.. Mayer. P. M.: Radond Bhys.

radical ring opening. For Me-substituted cyclobutylcarbinyl chem. A2001 105 6750. (b) Liu, L.: Cheng, Y.-H.; Fu, Y.: Chen, R.;
radicals (entries 2 and 3, Table 2) the free energy barriers of Guo, Q.-X.J. Chem. Inf. Comput. S002 42, 1164.

D\ +15.3 -1.5 +7.3 —-14.1

MeoC" QHz
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41 AG* (exp) = AG* (ONIOM) - 0.2 ] 141 AG* (exp) = AG* (DFT) + 2.3 ]

134 r=0.9941, rmse = 0.3 kcal/mol ] 13] r=0.9913, rmse = 2.7 kcal/mol J

E 124 b E 124 1

;:g 114 b E 114 1

= 104 R = 101 4
o Q

8 o] 1 & 4] ]

2 .l 19 4] ]

74 4 74 i

; é 5’! 1’0 1’1 1I2 1‘3 1‘4 1‘5 ‘!l é é "I Eli ’:!) 1‘0 1‘1 1‘2 13

AG*(ONIOM) (kcal/mol) AG*(DFT) (kcal/mol)

(2) (b)

FIGURE 1. Comparing the experimental activation free energies with the theoretical values predicted by (a) ONIOM(QCISD(T& 2RIt
2p):B3LYP/6-311G (2df,2p)) and (b) B3LYP/6-31tG(2df,2p) methods.

S ' ' ' o] cycloheptanyl, and cyclooctanyl rings. Note that although three
S AAG” = 0.58 AAG - 0.48 groups of substrates can be considered for this type of ring-
3 o] r=0.9476,sd =11 i opening reactions (Scheme 2), only two of them (i.e., reactions
g 2 and 3) may give ring-expansion products. Furthermore,
*‘wz -24 . because of the nontrivial difficulty of synthesizing cyclobutanes
< trans-fused to four-, five-, and six-membered rings, we only
® x4 T consider the cis-fused bicyclic reactants in the present study.
%) N ] 3.3.1. Bicyclo[2.2.0]hexane System. Type As mentioned

% . before, two types of synthetically relevant ring openings are
3 s i considered here. In the first type, the starting material has its

. , , : , radical center located at the bridge methyl group (Table 3). It
) is found that in the absence of any substituent the ring-opening
pathway has a relatively high free energy barrie#df7.3 kcal/
FIGURE 2. Correlation between the relative activation and reaction mol, whereas the ring-expansion pathway has avery I(.)W barrier
free energies for monocyclic cyclobutylcarbinyl radicals. of +2.8 kcal/mol (entry 1, Table 3). Such a dramatic difference
between the energy barriers can be attributed to the high strain
means that a more negative reaction free energy causes a lowepf the bicycle[2.2.0]hexane system. As indicated by the reaction
activation free energy. This correlation strongly indicates that 7€ €nergy, the ring opening only lowers the free energy by
the substituents influence the cyclobutylcarbiny! radical ring- —3-9 kcal/mol, whereas the ring expansion dramatically lowers
opening reactions mainly through the thermodynamic factors. the free energy by-28.1 kcal/mol. The transition structures
(Note: the correlation between reaction thermodynamics and Obtained for ring-opening and ring-expansion reactions of
barriers is only an empirical observation without any straight- Picyclo[2.2.0]hexan-1-ylmethyl radical are shown in Figure 3.
forward physicochemical interpretations. It cannot be perfectly ~ As to the substituent effects on the regioselectivity, we only
linear because this would imply negative barriers for very consider the substituents at two positions (i.a.aRd R) that
exoergic reactions.) are directly connected to the radical centers of the products.
3.3. Bicyclic Cyclobutylcarbinyl Radicals.Compared to the ~ These substituents apparently can exert strong effects on the
reactions of monocyclic cyclobutylcarbinyl radicals, the ring thermodynamics and, therefore, the kinetics of the ring-opening
opening of bicyclic cyclobutylcarbinyl radicals is much more O -expansion reaction (Note: the reason is provided in Section
interesting from the synthetic point of view. As shown in the 3.2). Two representative and synthetically accessible substituents
examples in Scheme 1, this type of ring-opening reactions may (i-., Ph to represent strong electron donor and COMe to
undergo ring expansion to produce six-, seven-, or eight- represent strong electron acceptor) are selected because they
membered rings in an elegant fashion. To successfully ac- an produce significant radical stabilization effects.
complish such ring expansion reactions it is important to have It is found that when the Ph or COMe groups are placed at
a sound knowledge of the regiochemistry in the ring opening the Ry position, the activation and reaction free energies of the
of bicyclic cyclobutylcarbinyl radicals. However, it is evident ring-opening pathway are not significantly affected (entries 2
from Scheme 2 that such a regiochemistry problem cannot beand 3, Table 3). On the other hand, the reaction free energies
easily solved by using chemical intuition. Thus, experimental of the ring-expansion pathway are lowered by I kcal/mol.
and theoretical studies need to be conducted on these interestingorrespondingly the activation free energies for the ring
systems to illustrate what the regioselectivities are and how to expansion should also be significantly lowered. However, after
control them. many attempts we cannot obtain the transition state for the ring-
In the following sections we will study the regioselectivity expansion pathway (Note: all the TS-optimization directly
in the ring opening of cyclobutylcarbinyl radicals fused with a produces the six-membered-ring product), presumably because
four-, five-, or six-membered rings, respectively. These bicyclic this pathway has an extremely low energy barrier.
compounds represent synthetically important systems with When the Ph and COMe groups are placed at thedgition,
possible applications to the construction of cyclohexanyl, it is found that both the activation and reaction free energies

AAG = AG, - AG, (kcal/mol)
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TABLE 3. Activation (AG*, kcal/mol) and Reaction Free Energies
(AG, kcal/mol) at 298 K for the Ring Opening of
Bicyclo[2.2.0]hexan-1-ylmethyl Radicald

JOC Article

TABLE 4. Activation (AG*, kcal/mol) and Reaction Free Energies
(AG, kcal/mol) at 298 K for the Ring Opening of
Bicyclo[2.2.0]hexan-2-yl Radicald

R
. Re 6
— g -
R4 R4

ring opening

o ﬁ& o
Ra R Re

Ry

ring expansion

ring opening ring expansion

Ring opening Ring expansion

Ring opening  Ring expansion Entry R4 R¢ Conformation

AG* 4G 4G* 4G

Entry Ry Rs Conformation

AG* 4G AG* 4G

H
. 1 H H () -AD +15.2 4.4 +154 =322
1 H H ) M +173 -39 128 281
Ph
2 Ph H . +161  -01  #109 411
: e S 1109
2 Ph H (i)% +177 18 - 392
MeO
3 COMe H (£)® +167  -01 494 —409
oc
3  COMe H ° +178 0. -b 38,
¢ (&) 09 385 4 H Ph (%) m"’h 481  -173  +160  -312
. +) @
5 H o BTN 499  —177  +163 315
4 H Ph (%) bPh +85 214 43.6 284 Ph
COMe
6 H COMe (£)® 18  -136  +168 291
. @y Z7 " a8
5 H Ph (%) h +9.8 =202 434 273 7 H coMe (%) m\cw 486  —140  +162 295
. 186

. a AG* values andAG values are calculated by using the ONIOM(Q-

6 H COMe () hCOMe 184 —164 435 272 CISD(T)/6-31HG(2df,2p):B3LYP/6-314+G(2df,2p)) method.
L]
7 H  COMe (%) 93 155 33 263 the activation free (_energyof_the ring-expansion pathway_ is still
lower than that of ring opening by c&—6 kcal/mol. Thus ring

COMe
expansion is strongly favored in the rearrangement of bicyclo-

[2.2.0]hexan-1-ylmethyl radicals regardless of the substituents’s
nature.

Noteworthily it is found that the activation and reaction free
energies for the rearrangement of all the bicyclo[2.2.0]hexan-
1-ylmethyl radicals also obey the linear correlation illustrated
in Section 3.2 (Figure 4a). The slope of the correlation (0.54)
is remarkably close to the corresponding value (i.e., 0.58) in
Figure 2. Thus, thermodynamic factors also play an important
role in determining the kinetics and, consequently, regiochem-
istry of the rearrangement of bicyclic cyclobutylcarbinyl radicals.

Type II: In the second type of bicyclic cyclobutylcarbinyl
radicals, the starting material has its radical center located at
the 2-position (Table 4). In the absence of any substituent the
ring-opening pathway has a free energy barriet-@6.2 kcal/
mol, whereas the ring-expansion pathway has a slightly higher
barrier of +15.4 kcal/mol (entry 1, Table 4). Thus, the ring-
opening pathway is slightly favored over the ring -expansion
pathway, despite the fact that the reaction free energy of ring
opening (4.4 kcal/mol) is considerably less negative than that
of ring expansion {32.2 kcal/mol). This observation can be
readily explained by the stereoelectronic effécthe ring
opening releases a radical from the rear of a double ba@2¢
C1-C6 = 115.6 for reactant and 111%%or TS), whereas the
ring expansion has to release a radical from the side of a double
bond (JC2—-C1-C4 = 87.6° for reactant and 78%for TS).
for the ring-opening pathway are dramatically lowered by ca  When the Ph or COMe group is placed at the@sition,
8-9 and 12-17 kcal/mol, respectively (entries#, Table 3).  the activation and reaction free energies of ring opening are
This observation can be easily attributed to the radical stabiliza- not significantly affected (entries 2 and 3, Table 4). On the other
tion effect at the Rposition. On the other hand, itis found that  hand, the activation free energy of ring expansion is lowed by
the substituents atdRlo not produce any significant effect on

the activation or reaction free energies for the ring-expansion  (22) kirby, A. J. Stereoelectronic effect®xford Science Publications:
pathways. Despite these changes, it is evident from Table 3 thatoxford, UK, 1996.

a AG* values andAG values are calculated by using the ONIOM(Q-
CISD(T)/6-31HG(2df,2p):B3LYP/6-313G(2df,2p)) method? The transi-
tion state cannot be found because the energy barrier is too low.

Reactant

Transition state for ring expansion  Product for ring expansion

FIGURE 3. B3LYP/6-31G(d) optimized geometries for bicyclo[2.2.0]-
hexan-1-ylmethyl radical, its transition states for ring opening and ring
expansion reactions, and the corresponding ring opening and ring
expansion products.
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2 T T

g AAG* = 0.54 AAG - 0.26 3 27 AAG*=0.52AAG - 0.46

= °1 r=0.9703,sd=1.1 1 % ., r=0.9576,sd=1.1 *

S 1 ® 1
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AAG = AG, - AG,, (kcal/mol) AAG = AG, - AG,, (kcal/mol)
(a) (b)

FIGURE 4. Correlation between the relative activation and reaction free energies for (a) bicyclo[2.2.0]hexan-1-ylmethyl and (b) bicyclo[2.2.0]-
hexan-2-yl radicals.

ca 5—6 kcal/mol. The reaction free energy of ring expansion TABLE 5. Activation (AG*, kcal/mol) and Reaction Free Energies
also becomes more negative by 8a9 kcal/mol. The overall (AG, kcal/mol) at 298 K for the Ring Opening of
outcome is that ring expansion becomes the favored pathwayBicyclol3-2.0lheptan-1-yimethyl Radicals

in the rearrangement of 4-Ph- or 4-COMe-substituted bicyclo- ° R | R Ry
[2.2.0]hexan-2-yl radical. dj — d_( +

Oppositely, when the Ph or COMe group is placed at the R Rs Rs X
position, the activation and reaction free energies of ring ting opening ting exparfsion
expansion are not significantly affected (entries74 Table 4). ' ' ‘ '
What are affected are the activation and reaction free energies Ring opening  Ring expansion

Entry Rs R; Conformation

of ring opening, which dramatically decrease by 5a8 and
10—-13 kcal/mol, respectively. The overall outcome is that ring
opening is strongly favored over ring expansion in the rear- . " " 65 52 +iod 67
rangement of 6-Ph- or 6-COMe-substituted bicyclo[2.2.0]hexan- (£) VXZ 7 ’ I ’
2-yl radical.

Interestingly the activation and reaction free energies for the 2 Ph H % +17.1 -16  +4.6 197
rearrangement of all the bicyclo[2.2.0]hexan-2-yl radicals again
exhibit a linear correlation (Figure 4b). The slope of the s come  H MeOC W73 o a2 19
correlation (0.52) is close to the corresponding values (i.e., 0.58 ANV ’ ’ - ’
and 0.54) in Figures 2 and 3a. As a result, the thermodynamic

factors again play an important role in determining the kinetics 4 H P %Ph 84 205 +114 60
) %

AG* 4G AG* AG

H—

and, consequently, regiochemistry of the rearrangement of
bicyclic cyclobutylcarbinyl radicals.

3.3.2. Bicyclo[2.2.0]heptane System. Type The bicyclo-
[2.2.0]heptane system also has two types of reactants that can
undergo radical rearrangement. In the first type, the starting ¢ COMe %COMe 483  -161 +108 3.6
material has its radical center located at the bridge methyl group
(Table 5). It is found that in the absence of any substituent the . b coMe v 5o 4105 34
ring-opening pathway has a free energy barriet-66.5 kcal/ come ’ ’ '
mol, whereas the ring-expansion pathway has a barri¢il6f 1
kcal/mol (entry 1, Table 5). Thus, ring expansion is the favored
pathway in the rearrangement of unsubstituted bicyclo[3.2.0]-
heptan-1-ylmethyl radical. Note that the reaction free energies
of the two pathways are not significantly different (i.e:5.2 expansion are not significantly affected (entries74 Table 5).
versus—6.7 kcal/mol). What are affected are the activation and reaction free energies

Similar to the observations for the bicyclo[2.2.0]hexan-1- of ring opening, which dramatically decrease by 8a9 and
ylmethyl radicals, the Ph and COMe substituents at tge R 10—15 kcal/mol, respectively. The overall outcome is that ring
position can dramatically lower the activation and reaction free opening is strongly favored over ring expansion in the rear-
energies of ring expansion of the bicyclo[3.2.0]heptan-1- rangement of 7-Ph- or 7-COMe-substituted bicyclo[3.2.0]heptan-
ylmethyl radicals by ca6—7 and 1113 kcal/mol, respectively 1-ylmethyl radicals. Note that the activation and reaction free
(entries 2 and 3, Table 5). At the same time, they do not energies for the rearrangement of all the bicyclo[3.2.0]heptan-
significantly affect the activation and reaction free energies of 1-ylmethyl radicals exhibit a linear correlation (Supporting
ring opening. The overall outcome is that ring expansion is information).
strongly favored over ring opening in 5-Ph- or 5-COMe- Type lI: In the second type the starting material has its radical
substituted bicyclo[3.2.0]heptan-1-ylmethyl radicals. center located at the 2-position (Table 6). In the absence of any

Oppositely, when the Ph or COMe group is placed at the R substituent the ring-opening pathway has a free energy barrier
position, the activation and reaction free energies of ring of +15.8 kcal/mol, whereas the ring expansion pathway has a

H Ph +8.6 -20.0 +11.2 =5.1

a AG* values andAG values are calculated by using the ONIOM(Q-
CISD(T)/6-311G(2df,2p):B3LYP/6-311G(2df,2p)) method.
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TABLE 6. Activation (AG¥, kcal/mol) and Reaction Free Energies TABLE 7. Activation (AG*, kcal/mol) and Reaction Free Energies
(AG, kcal/mol) at 298 K for the Ring Opening of (AG, kcal/mol) at 298 K for the Ring Opening of
Bicyclo[2.2.0]heptan-2-yl Radicald Bicyclo[4.2.0]octan-1-ylmethanyl Radical3
9 R o Ry | Re | Re Rg
H - - . +
R Rs Rs Re Re Re
ring opening ring expansion ring opening ring expansion
Ring opening Ring expansion Ring opening Ring expansion
Entry Rs R, Conformation R¢ Rs Conformation
4G° 4G AG 4G AG* 4G 4G* 4G

1 H H @IN\S77 58 39 4202 4 H H () @Hb +145 72 #134 -39
Ph oh
2 P H @\S7y 54 01 i45 -iss PhH ) +156 =57 461 -202

MeOC y
3 COMe H (i)% +162 03  +13.0 156 COMe H ) &Cé +156  -57  +61 202
Ph L]
4 H Ph (&) O 12 -167  +201 47
ANyl 12 H Ph (H%Ph 463 -223 4148 424
1) N2 -
s H P | )mph 4102 -151 4234 31 /
COMe H Ph 470 -194  +144 406
6 H COMe () \2 7 -123 4209 20 (t)% =2
N7 h
7 H coMe (B 88 -123 4242 22 )
¢ mCOMe 18 H  COMe (ﬂ%/COMe 467  -181 +150  -1.5
a AG* values andAG values are calculated by using the ONIOM(Q- .
CISD(T)/6-31H1G(2df,2p):B3LYP/6-311G(2df,2p)) method.
H o COMe . 462  -166 +140 430
COMe

higher barrier of-20.2 kcal/mol (entry 1, Table 6). Thus, the a AG* values andAG values are calculated by using the ONIOM(Q-

ring-opening pathway is favored over the ring-expansion cisp(T)/6-311G(2df,2p):B3LYP/6-313G(2df,2p)) method.

pathway for the rearrangement of the unsubstituted bicyclo-

[2.2.0]heptan-2-yl radical. TABLE 8. Activation (AG¥, kcal/mol) and Reaction Free Energies
The effects of substitution are similar to the situations (AG, kcal/mol) at 298 K for the Ring Opening of

observed for the bicyclo[2.2.0]hexan-2-yl radicals. 5-Ph or Bicyclo[2.2.0]octan-2-yl Radical3

5-COMe substitution completely changes the regioselectivity e o Rs

so that the ring expansion pathway becomes dominant. On the Qj _' Q—( * @\

other hand, 7-Ph or 7-COMe substitution retains the regiose- Re Re Rs

lectivity favoring the ring-opening pathway. Furthermore, the ring opening ring expansion

activation and reaction free energies for the rearrangement of Ringopening  Ring expansion

all the bicyclo[2.2.0]heptan-2-yl radicals exhibit a linear cor-  Entry  Re Ry Conformation

relation (Supporting information). 4G 4G 4G 4G
3.3.3. Bicyclo[2.2.0]octane System. Type Eor the first type H

where the radical center is located at the bridge methyl group ! H H (%) d@ 41 52 4182 27

(Table 7), it is found that in the absence of any substituent the

ring opening and expansion pathways have free energy barriers , H (+) dpb +148  -03 #3349

of +14.5 and+13.4 kcal/mol, respectively. Thus, ring expansion N

is the favored pathway in the rearrangement of unsubstituted COMe

bicyclo[4.2.0]octan-1-ylmethanyl radical. 6-Ph or 6-COMe 3 COMe H (t)@@ T3 -l4 204 67
substitution retains the regioselectivity favoring the ring- . o
expansion pathway. On the other hand, 8-Ph or 8-COMe 4 H Ph (i)w 14 159 F196 450
substitution completely changes the regioselectivity so that the 0
ring-opening pathway becomes dominant. Furthermore, the t Ph (+)%\Ph w2 205 w19 w04
activation and reaction free energies for the rearrangement of ¢ H  COMe (%) %/COMG 166 —130  +193  +2.4
all the bicyclo[4.2.0]octan-1-ylmethanyl radicals exhibit a linear .
correlation (Supporting information). 7 H  COMe (t)wcwe 1 -159 4196 06
Type lI: In the second type the starting material has its radical
center located at the 2-position (Table 8). In the absence of any,
substituent the ring-opening pathway has a free energy barrier
of +14.1 kcal/mol, whereas the ring-expansion pathway has a
higher barrier of+18.2 kcal/mol (entry 1, Table 8). Thus, the changes the regioselectivity so that the ring-expansion pathway
ring-opening pathway is favored over the ring-expansion becomes dominant. On the other hand, 8-Ph or 8-COMe
pathway for the rearrangement of unsubstituted bicyclo[2.2.0]- substitution retains the regioselectivity favoring the ring-opening
octan-2-yl radical. 6-Ph or 6-COMe substitution completely pathway. Finally, the activation and reaction free energies for

a AG* values andAG values are calculated by using the ONIOM(Q-
SD(T)/6-31H1G(2df,2p):B3LYP/6-311G(2df,2p)) method.
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) determining the observed regiochemistry.
N4 | o . As to the bicyclic cyclobutylcarbinyl radicals whose radical
(1]
rearrangement pathway under the conditions where no strongly
‘I | radical-stabilizing groups are placed at the designated positions
. d—.‘ + shown in Scheme 4. This reaction does not appear very
interesting from the synthetic point of view because the ring-
containing a fused bicyclic ring. Nevertheless, by using this

reaction Morrell et al. once reported a stereoselective synthesis
of cis-disubstituted cyclopentenes from substituted bicyclo[3.2.0]-

SCHEME 3 1). Evidently the 7-alkenyl group played an important role in
center is located at the 2-position, ring opening is the favored
opening product looks less complex than the starting material

(j.j/ 1
heptenone radicals (the third example in Schem@ 1).

No stror;)gltlytraditcal-tsttre])blizing ring opening ring expansion i e
papsiiuents al e . Conclusions
designated position favored

Ring opening and expansion of multicyclic cyclobutylcarbinyl
SCHEME 4 radicals provides an appealing method for the construction of
) heavily substituted ring systems in a stereocontrollable fashion.
1] © In the present study we carry out the first, systematic study on
the regioselectivity in the rearrangement of cyclobutylcarbinyl
. radicals that carry synthetically relevant substituents. It is found
O:\ — @_} + © that a two-layer ONIOM method, namely ONIOM(QCISD(T)/
6-311+G(2d,2p):B3LYP/6-311G(2df,2p)), can accurately pre-
dict the free energy barriers of the ring openings of cyclobu-
o tylcarbinyl radicals with a precision of 0.3 kcal/mol. By using
@_I © this powerful tool we find that the regiochemistry for the ring
opening of monocyclic cyclobutylcarbinyl radicals can be easily
predicted by the relative stability of the two possible carbon
No strongly radical-stablizing . _ ) . rad.icall products. A linear correl_ation i; found bgtwgen. the
7 substituents at the ring opening ring expansion activation and reaction free energies. This observation indicates
designated position favored that the ring opening of cyclobutylcarbinyl radicals is strongly
affected by thermodynamic factors.
the rearrangement of all the bicyclo[2.2.0]octan-2-yl radicals  On the basis of the above results we next extend our study
again exhibit a linear correlation (Supporting information). to the rearrangement of bicyclic cyclobutylcarbinyl radicals that
3.4. Synthetic Implications. The above results provide can undergo both ring opening and expansion. It is found that
interesting information about how to apply the rearrangement for bicyclic cyclobutylcarbinyl radicals whose radical center is
of bicyclic cyclobutylcarbinyl radicals to target-oriented organic located at the bridge methyl group, ring expansion is the favored
synthesis. First, as to the bicyclic cyclobutylcarbinyl radicals rearrangement pathway unless a strongly radical-stabilizing
whose radical center is located at the bridge methyl group, ring substituent is placed in the cyclobutyl ring adjacent to the bridge
expansion is the favored rearrangement pathway under themethyl group. On the other hand, for bicyclic cyclobutylcarbinyl
conditions where no strongly radical-stabilizing groups are radicals whose radical center is located at the 2-position, ring
placed at the designated positions shown in Scheme 3. Thisopening is the favored rearrangement pathway unless a strongly
reaction provides an interesting strategy for constructing six-, radical-stabilizing substituent is placed in the cyclobutyl ring
seven-, and eight-membered rings carrying multiple substituents.at the bridge position. It is remarkable that all these theoretical
An elegant application of this strategy has already been shownpredictions are in excellent agreement with the available
in Sorensen’s synthesis of Guanacastepenes A and E (the laséxperimental observations. Furthermore, discussions have been
example in Scheme 1), where the rearrangement of a cyclobu-made on the involvement of ring strain, stereoelectronic effect,
tylcarbinyl radical provided a densely substituted cycloheptanol and substituent radical stabilization in determining the observed
through selective ring expansiéh. regiochemistry.
Nonetheless, our calculations also indicate that the above ring-
expansion pathway can be efficiently switched off by the  Acknowledgment. We thank National Natural Science
presence of a radical-stabilizing substituent in the cyclobutyl Foundation of China (Nos. 90713009 and 20602034) for
ring (except for the highly strained bicyclo[2.2.0]hexan-1- financial support.
ylmethyl radicals). A good example in this context was provide
by Ziegler et al. in their synthesis of sesquiterpene PSvBere Supporting Information Available: Detailed optimized ge-
the rearrangement of a 7-alkenylbicyclo[3.2.0]heptan-1-ylmethy ometries and free energies. This material is available free of charge
radical only produced the ring- opening product without any via the Internet at http://pubs.acs.org.
ring-expansion product (the second to last example in SchemeJO702164R
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