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Abstract Intramolaculnr reaotions of cyclopropylcnrbono tn sisglot 
grwnd 8tatc have beon studied using HF/34?tG gradient methods. 
Relative energies are eatimated with 6-31G**. The “super-con&:.- 
tion” between the cyclopropyl and the p A0 at tho carbonc site 
stabilizes the carbene and retards ito cxo-endo ismerizuticn with 
a barrier of 13.7 kcal/aol. The ring oxpansion occurs profornbly 
from the 0x0 confowatlon with a barrier of 12.3 kcal/nol. Two 
terminals disrotate in different rctatlon directfens before WJ 
after the transition state. The ring expansion frac: tile endo 
conformation Is a more energetic pathway. The 1,2 ti shift is r.ct 
competitive to the rin& expansion for its much higher barrier. 

In carbene chemistry there are several well-knowr. types oi intrerrolecu!ar 
reactions* such &B ring openi 

T 
a? ring contractions3, ring expansions ‘3 , 

carbone-carbene rearrangements I and 1.2 hydrogen migrations, etc. ? The 
iaornerizatlon of cyclbpropylcarbene i to cyclobutene g 13 typical of ring 
expansions of carbenos. 

12 (exe conformation) 
1J (end0 conformation) z 

After disoovering the reaction j_ to 3, there nave beon found a number of 
intrmolecular reeactiona involving the rw expaneion process of carbenezJ, for 
Lnstanoes7*8*5, 
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Row the rlrg expansion of etu%f$nea haa been utilized as a versatile route 
for general syntheses of ayaloalkenea. The meahenlstlc and applicable studies 
of cyclopropylcarbenea have been the subject of several lnvestlgatlonsgr The 

reaction is concerted at least for singlet carbenes. The ring expansions OS 
substituted cyclopropylctwbenes are highly steroospeoiflc.Thereactlon favors 
the migration of the less substituted and stronger carbon-carbon bond in the 
cyclopropene ring, which is explained with the sterlc interactions. The aide 
rewtion of cyclopropylcarbene to Isolated ethylene and acetylene is more 
probnblo in ges ph:ise than in solution. The dlnerlxation of dlcyclopmpylcartie 
strongly suggests that cyclopropyl substltuents stabilize the carbon& 

The only theoretical study of reaction 1 to 2. ws performed vlth MIRDO/3 
method! O . The calculation show3 ttat the reaction o? !, to 2 Is Initiated by an 
electroptilic attack of tho empty p A0 et the cerbene site on the most electron 
-rich carbon atom of the cyclopropane ring. 

SFnce tho reaction ! to 2 hns mostly been studied in experiments and no 
lnitlo study rcportod, the ring expansion of cyclopropylcarbene is not well 
understood yet. The absence o? the 1.2 hydrogen shift product naraina to be 
pW:efki. Therefore the intramolecular roaotlona of the carbene require a 
thorough nb initio study with analytical gradient technique. The oxo-endo 
lsomorlzntion, the ring expansion and the 1,2 hydrogen snlft of the carbene 

ab 

a 

in 
singlet ground state will be studied below. The frngmentatlon to ethylene and 
acetylene has been well understood 10 Md will not be studied here. 

CalculxtionaI Rethods 

The calculations we carried out usi% GE;ISSXAfi 80” system of progross. The 
HIRDO/3 geanetrieslC of la, lQ and the ring expansion trensltlon states are taken 
23 input parsmeters for optlmlzatlone. All related stntctures are hilly optimized 
vlth analytic&l gradient techniques and 3-27G12 basis set. The second order o? 

derivative natrlces of energy are calculated to characterize to structures. 
The larger basis set 6-31Gr*‘3 is used to est lmate the total and relative 
energies + 

Results and Diso~~~lons 

The equlU.brlum and transition 8tmotures are shown in Plgure 1. The total 
and relative energies are listed in Table 1 and the net ataalc charges in 
Table 2. 
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HlClQgCy-106.4 

H 3 

H,C,C2Cy-127.50 H$lc2c_9r9’*8 
H3c2.01C3=l12.1 o H4C2C1c3=-114*4 
H5C3C2Cl--l21.4, c4c3C2cl-32.8 
~~c~c~Cp53.6 

2 (l_& -2, 

HlClC2C 1-121.5, H C1C2C -104.3 
H3c2clC~l14.4, H&C&l1 1.4 
H5C3C201=-1 ll.9e c4c30Jc2c1-51.2 
H604C302--‘53.9 

5_a (12 -2) 

4 
HjClQC3--lo6.5, “2Clc2Q-108.4 
HgC2ClC -lO5*8r HqC2OlCy-~09.5 
H503C4+119.2, C4C3C2Cl-165.5 
H6c4C3c,--20.7 

Q (12 -2) 
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-zonjugatIon alm changes the chsmical properties of the carberm. The oooupatlon 
o? the p A0 a0mcu%s the IXJM40( maduoes the eleatrophIIItyr and StabIlIzes the 
carbene. ThLa eaalpms arpport the prullotlm frm experinentsgc. 

Bxo+ndo JamerIwtIon The exo+mdo IsaaerIzatIcm occurs via the rotation 
of C4+j amund the oar&me boDd C3+. The transltlon state is A. The p AC nt 

the aarbene site in 4 is no longer parallel to Cl -C2 bond and the carbon ring , 
emd the supu-zonjugatlon betueen the p h0 and the cyolopropyl dlseppears. The 
carbene bond ++ In 4, 1s 1.495A. being O.OSA longer than that in 1. Ifrt the 

at&c charge on the aarbene carbon In Q is less than that in L. Sane charge has 
been trsneiered to the cyclopropyl ?rm the group UHF: in tho pxvcese L to f. 
The change of the at&c charge Is oonsistent mlth the disappearsme of the 
super-conjugation betueen the cyclopropyl and the p A0 at the aarbene site. 

The rotation barrier 1~413.7 kcal/mol at 6-3lG l *, which 1s larger than the 

rotation barrier of ethane by about 10 kcal/mol at the aame level mainly 

became of the mper-conjugatlon in L. So the rotatlon around the crcrbone bond 

ln j, 1s not as free as that around the single CX bond in alkanc. 

Blng Expanslm 134 3 The ring expansion of cyclopropylcubune to cyclo- 
butene z may start fran either exo coniomation l_s or endo confomatlon I_&. ‘Jem 
we first discuss the fanner case. The process of 1,8 to 2. involvos the rupture of 

Cl43 (or C2Zj) bond In the ring and the formation of a new Cl&4 (or C2X4) 

bond. The reaction barrier la 12.9 kcal/mol and the released energy is 58.8 

kcal/mol at 6-31G**. The lar barrier and the lerge released energy aro ln p~rec- 

ment with the easy iscamrlzation in expedients’. 

The process of 1~ to g (Scheme 1) Is really a little complicated. As the 
carbene carbon C4 moves to Cl, the bond Cl43 is broken, tvo end C-C bonds 
dierotate inwamls arcund the middle one so as to be co-planar, and the tom&ml 
methylene group and the carbene graup dlarotate to be “face to face”. All these 

ohangos occur in concert. In transition state s, Cl-C4 is 1.9:5A, being 2.535A 

shorter than that In 12; Cl -C3 is 1 .813x1 being 0.2511 longer; tho texmlnal 
methylenesnd the carbene groups have rotated nearly ‘Iacc to iace” and the two 

end C-C bonds have rotated with 51.2 degrees away frm being co-planar. After 

e, the two end CX bonds continue to disrotnte , but the carbeno group snd the 

to&al methylenegraupinverse their rotation directions, until t!:o product 2 

is formed. 90th before and Biter the transition state, the two texminals disrc- 

tate but in di??emnt rotation directions. The mothylene and tile carber.e groups 

have rotated ior about 20 and 60 degrees, re3pectlvely, in this procos~. 

Soheae 1 

l,a (exe) 5,a (TS) 2 
This reaction mechanis may be described with the interactions of irontior 

molecular orbital8 (Scheme 1). The xuptuxw of C-C bond leaves two singly 
occupied p Aos at Cl and C3. The disrotatlon of the two terminal groups favors 
the socalled IlJUOsOl40 Interaction between the p Me at Cl and C4. so the p &y 
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at the carbene site deWwines the vay o? the reaution before the trrnsitlon 
state. The oarbene angle H6C4C3 In e Is only 1.9 degreea larger than that in 
13, whloh indicates that the molecule still haa 8-e oarbene ahaxwter, the u 
orbital at C4 haa not participated in the reaation yet. h?ter 52, the u orbital 
takes part in the reaction , and the oarbene grtxp lnveraes It8 rotation d-o- 
tion to form a ground % orbital in 2. 30 this proosss is alloved by the orbital 
symmetry both before end a?ter the transitlai atate. The participation o? the CT 
orbital at the carbene site results in changing the rotation dlrwtlon of the 
carbene terminal. 

The reaction of 1~ to 2 involves tro eleotrons from the flsslon of a C-C 
bond in the ring before the transition state , rind four electron8 thereafter 
including the u eleatrons at the carbene site. Beccuae the u orbital at the 
carbene site haa no relation to the formation of the x bond of 2,, the reaation 
involves only two R elect-s in the overall prooess. 30 the reaation may also 
be described with HUckel 4n+2 xule. The difference la that the rotation dlreo- 
tlons of the two terminals change after the transition atate. 

In 52 the Kulliken populatlasl between Cl and C3 is 4.03, and that betueen 
Cl and C4 la 0.10 at 3210. 30 Cl la not bonded to C3 but bonded to C4 up to 
the transition state. The carbene carbon and the group C4H6 are both negatively 
charged to a considerable extent. They gain electrons mainly by the interaction 
between the p rK)s at the oarbene site and at Cl. The p KI at the carbene site 
IS largely occupied ln the transition state. 

IU.ng Expansion la+& The ring expansion starting ?ram the endo coniorma- 
tlon 12 occura via tranaltlon s. The rsturtion barrier Is 32.9 kca.l/mol and the 
released energy la 60.2 koal/mol at the 6-3lG** level. The xwictlon mechanlan 
in the early atage is similar to that of l,a to 2. Aa bond Cl&3 Is broken, two 
end CX bonda diarotate around the middle one In oxder to be so-planar, and the 
two telminals dlsrotate In favor of the attack o? the p AC at the carbeae site 
on Cl. In tranaltlon state 5_bl the angle H6CqC3 hoa been expanded to 125.2 
degrees from 108.2 degrees, being only zxaaller than that in 2 by 8.1 degxws. 
The new bond Cl -C4 is 1.874i. being 0.334A larger than that in 2. The new 4 
-membered ring la ?rom being co-planar by 32.8 degreea. The strangely large 
angle H6C4C3 In 5,b is In ooncoxdance uith the high reaction barrier. 

Scheme 2 

The reaatlon meohanlan a?ter the tranaltlon state is entirely different 
fran that starting fran the exe conioxmatlan. Beocnrse the angle HgC4C3 In 5Q is 

very large, and the Cl-C4 bond and the new 4-membenxl carbon ring axw nearly 
formed, the carbene texmlnal C4H6 la highly atralned frar rotation. So the 
reaatlon a?ter 5J is unable to proceed via the rotatloa of C4a6 w bond 
C344.It Is more likely , then, to prtxeed via bending bond C4a6 toti being 
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coplanar uith the oarbon ekeletal. The rowon la olear. I? the maotion after 2 
proeeeda via xvtmtln& C446 araand C3-Cq In the prevlaaa direction, the reapond- 
ed SUO ?m b&wan C3 and C4 in 2mat be (II exoited WiD. So the contimmua 

rotstiotl o? C4+ (UwLDd C344 is IiOt orbital UyUmtXy ti,UOwd. 

After the early stage before W in 3ohew 2 , the wactlm la already a bit 
diifemt ?raa that o? 13 to &. Altha& the Initial UJMC-9oEIo interection 
betvesl Cl end Cq favom the xweeotlon , the continuaus rotationa of tennlnala am 

mtanled by the diiiersnt phase lnteraotion betveen the p ma at C3 and C4. The 
reautlon then la led to a pathray different ?ran that o? 12 to 2 ao aa to avoid 

an excited % HO foxmed. Trenaition atete !& la much later than that of 1~ to 2 
aa ahovn by the larger an&e H&4C3, the smaller dihedral angle H6C4C3C2, and 
the shorter bond C3X4. 

The ra expcmalon directly from l,b la unlikely to ocaur in experiment. If 
the oarbene is yielded in the endo conformation initially, it is more likely to 
rearrange to the exo confornetlon firet , and then iaaxerize to cyclotutene vln 
a r- expanalon procees ahoun in 3oheme 1. 

1,2 Hydrogen Shift L+ 2 The 1,2 hydrogen migration also may start from 
either the 8x0 otmfonratlon or the endo conformation. The reaction mechanisms 
frcm the tvo conforn8tion may be almilar beoauae of the same orbital aymmotrioa. 
Here only the hydrogen ahlft frwn the ground coniolrmetlon La is discussed. 

The 1.2 hydrogen ml&ration from 1s occur8 via trenaltion at8te &. The 
relultion berrier is 26.1 kcal/mol and the released energy la 53.3 kcti/mol nt 
6-3lW*. pran l_fe to La, the hydrogen H5 move9 to the p A0 et the carbene site, 
a8 ahom in Scheme 3. C446 rotates around C3C4 ainailtanecusly in favor of the 
largest lnterectim between H5 and the p AO. Up to @, the new C-E bond haa been 
partly ?oxmedc the old CXi bond partly broken , md c4-ii6 h.Xi rotated With 20.7 
degrees away from beins co-plenar with the cyclopropane ring. A?ter 62, the 
migrated hydrogen moves into the u orbital ot the cnrbene site to fcrm 1. 

Scheme 3 

12 (exe) 6,8 (TS; 2. 

The xwrrengment o? 1, to 2 is not a competitive reaction to the ring expan- 
sion. Firstly the fiaslon of the C* bond la mom diffiault ttm that of a C-C 
bond in such a strained ring. Secondly the rotation of C3-?i5 is stmed by the 
ateric interactiona in moleculec end the rotetiM of C4A6 ia rettied by the 
auper~onjugatlon between the cyclopropyl and the p AD at the carbene site. 

(1) The fuper-conjugetlon betveen the cyclopropyl and the p A0 et the cer- 
bene site stabllzes the carbern Elnd xwtarda ltaexo-endo lacmerizetlon. 

(2) The rlq expenslon is more likely to ocaur starting ?r= tho 8x0 confor- 
mation. Tro tenainale dierotate vlth their rotation dlrectlona chnnged a?ter the 
transition stete. The reaction la electrophillc and atoreoapeciiic. 
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(3) The ring expansion from the endo conformation Is hlndexwd by the orbital 

symmetry. 
(4) The 1.2 hydrogen migration la not campetitlve to the ring expansion iram 

tho 8x0 cunfomation for its much higher energy barrier. 

The above conclusiona are generally valid even if electron correlation is 

taken into account. The correlated calculations may result In larger bond lengths 

an.d lover energy barriers 15-17 , tut tho reaction mechenirrms and the order o? 

barriers of different routes are rarely changed for intrcrmolecular reactions on 

the singlet ground energy surface. Of cOurser further studies includfng electron 

correlation are expected to appear. 
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