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Abstract The photochemistry of I,I-dicarbomrthoxy-3.3,5.5-tetraphcnyl-1.4-pentadtenc and 3,3- 
d~carbomethoxy-I.l.5,.i-tetraphenyl-l.4-pentadiene was investigated. Both direct and sensitized photolyses 

of the 3.3-diester alforded l.l-dicarbomethoxy-2 ,2-dlphenyl-3-(2’.2’-dlphcnylvlnyl)cyclopropane with 

quantum yields of 0.42 and 0.32. respectively. Direct irradiation of the I.ldicarbomethoxy-pentadiene gave 
this same diphenylvinyl-cyclopropane product (0 = 0 39). while acetophenonc sensitization of the l.I- 
dicarbomethoxy-pcntadlenc led to the rcgioisomcric 1.1.2.2-tetraphcnyl-3-~2’,2’-dicarbomethoxyvinyl) 

cyclopropane (0 = 0.92). Thus the unsymmctrlcally substituted cyclopropyldicarbinyl diradlcal opened 
one or the other of two three-ring honds depending on multiphclty. Direct irradiation of the 

dicarbomcthoxyvmylcyclopropanc rcsultcd in a bicycle rearrangement affording the diphcnylvinyl- 
cyclopropane (0 = 0.10): additionally. the I.l-dicarbomethoxy-pentadiene was formed (0 = 0.069) In this 
photolysis. The second product can bc viewed as arising from a reverse di-n-methane rearrangement or, 

alternatively. as deriving from partial bicycling of the diphenylcarbon moiety. To confirm that the bicycling 
process was mtramolecular rather then by disengagement of a dlphcnylcarbcne followed by readdition, a 
crossover experlmcnt Was run using I.l-dicarhomethoxy-4.4-dl-p-tolylbutadlenc. However, no 
dlphcnylcarbene transfer was seen. Single photon counting was employed to obtain ummolecular rate 

constants for the S, excited states undergoing the di-n-methane rearrangements. A plot of the log of the S, 

rates for centrally disubstttuted 1.1.55tctraphenyl-1.4-pentadienes- havmg central carbomethoxy. cyano 
or methyl groups YS Hammctt ground state sigma constants proved llncar with a rho value of -2.53. The 

various excited SIPICS. intermedlate spccles and the related hypcrsurfaccs were subjected to SCF and SCF-Cl 
calculations. The delta-P treatment showed that cxcitatlon is concentrated In the cyclopropyldicarbinyl 
diradical moiety as the di-n-methane rearrangement proceeds. The calculations also suggest that for a 
successful bicycle rearrangement excltatmn energy needs to bc dlstrihuted into the three-ring bond not 

conjugated with the vmyl group. Triptych correlation diagrams were constructed using SCF and SCF-Cl 

energies and are used to interpret the photochemistry. The dtlfcring singlet versus triplet regiochemlstry was 
found to follow the “small K vs large K” gcnerahzatlon used previously. 

One of the basic aims of’ organic photochemistry is to examples are depicted in eqns (I ) and (2). The reaction 
uncover new and general reactions as well as to study in eqn( I )” is more typical. Here a divalent carbon 
their mechanisms. The photochemical bicycle moves along the surface of a benzofulvene system with 
rearrangement is an intriguing reaction whose stereospecificity. Several similar examples have been 
generality we have been investigating. Two illustrative studied in our previous investigations.“.5 
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Scheme 1. Synthws of photochemical reactants and photoproducts 

The reaction in eqn (2)’ provides the first example of 
an acyclic bicycle rearrangement wherein the bicycling 
C atom, here diphenylmethylene. moves along the 
surface of an acyclic system. 

The present investigation had the goal of 
broadening the scope of the acyclic bicycle 
rearrangement as well as studying related dr-n- 
methane rearrangement photochemistry. The com- 
pounds of interest for photochemical study were 
parallel to those in eqn (2) with carbomethoxy 
substitution rather than cyano. Additionally. it was of 
interest to investigate a di-n-methane system 
having both diphenylvinyl and dicarbomethoxyvinyl 
moieties as well as central phenyl substitution. 

Resufrs. These syntheses are depicted in Scheme 1 
and detailed in the Experimental. The synthesis of 3.3- 
dicarbomcthoxy-diene 9 was one developed earlier in 
our laboratories.6 The philosophy paralleled that of 
the synthesis of the corresponding dicyano-diene of 
our earlier study.2b The regioselective central 

carbethoxylation and cyanation of the 1,1.5.5- 
tetraphenylpentadienyl carbanion derives from 
the central carbon (Le. C-3) having the highest electron 
density, a situation characteristic of such conjugated 
anions.’ 

Esploratory photochmistr~~ of the dierws 

Resulr.s. The photochemistry of the 3,3-dicarbo- 
methoxy diene 9 was investigated first. A remarkably 
facile rearrangement was observed. The product 
proved to be the diphcnylvinyl cyclopropane 16 
synthesized earlier (note above). This photoproduct 
(i.e. 16) is that expected from a typical di-x-methane 
rearrangement.* Surprisingly however, the rearrange- 
ment proceeded not only on direct irradiation, as is 
characteristic of acyclic diene photor~ctivity in the di- 
n-methane rearrangement but also tiorded the same 
product, with comparable facility on sensitization with 
acetophenone. These reactions are summarized in 
Scheme 2 eqn (3). Commonly, the di-n-methane 
rearrangement proceeds only inefficiently when 
sensitized in examples which are structurally very 
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similar, for example where carbomethoxyl groups 9 encountered was an unobserved reaction in- 

are replaced by methyls.“h~‘~‘O termediate. 

Attention was next turned to the photochemistry of 

the l,l-dicarbomethoxy diene II. Direct irradiation 

afforded the same photoproduct. 16. as encountered in 

the photochemistry of the 3.3dicarbomethoxy isomer 

(cf eqn (4). Scheme 2). Formation of this product was 
not surprising, since it was one of IWO mechanistically 
possible regioisomeric di-n-methane photoproducts 
deriving from the I.l-dicarbomethoxydicne I I. 
Strikingly. however. acetophenonc sensitized irradia- 

tion of 11 afforded the other possible regioisomer. 13. 
from di-n-methane rearrangcmcnt of dienc I I (c.1 eqn 

(5). Scheme 2). The structure of this product, (i.e. 13) 

was established by its identity with the previously 
synthesized material (note above in the synthetic 
section). 

In the direct irradiation, the first question was 

answered by a control run in which 0.2 percent of 

dicarbomcthoxyvinyl cyclopropane 13 was added to 

the dicnc I I being photolyzed. After 12 ‘;, conversion it 
was found that 76’!,, of the added cyclopropane 13 was 
still present and thus would have been observed in 
ordinary runs if it had been formed. This also answers 

the second question. for had cyclopropane 13 been an 
intermcdiatc in the photochemistry it would have 
survived and been observed. 

Thus. in the photochemistry of l.I-dicarbomcthoxy 
diene I I one regioisomeric product (i.e. 16) is formed on 

direct irradiation and the other regioisomeric product 

(i.e. 13) results from the sensitized photolysis. 
In the case of the l.I-dicarbomethoxy diene 

photochemistry. two questions arise in each of the 
types of irradiatton. direct and sensitized. One 

question is whether the regioisomcr not observed was 

merely destroyed under reactton conditions. The 
second question is whether the rcgioisomer not 

In the case of the sensitized irradiation of II a 

control was run. This revealed that the sensitized 
irradiation of diphenylvinyl cyclopropane 16 did not 

lead IO formation of the sensitized di-n-methane 
product deriving from the l,I-dicarbomethoxy diene 
I I. Therefore isomer 16 could not be an intermediate 
in the rearrangement. Further evidence derived from 

the very high, nearly unity quantum yield for the di-n- 
methane rearrangement (note below). With such a 
high quantum yield, a two-step, two-photon 

mechanism is precluded. Similarly, the other 

possibility accounting for high observed regio- 

selectivity.’ ’ namely destruction of the non-observed 

diphenylvinylcyclopropanc 16. is also precluded by the 
high quantum efiiciency which permits no appreciable 
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side reactions. Finally, the 95-96’:,, mass balances add 
weight to the reality of the observed regioselectivity. 

Hence. the striking conclusion is that the singlet of 
diene 11 affords the diphenylvinyl regioisomer (i.e. 16) 
while the triplet of II leads to the. dicarbomethoxy- 
vinyl counterpart (i.e. 13). 

Observation of a bicycle rearrangement and reeerse di- 
n-methane rearrangement by one of’ the citylcyclo- 

propanes 

Results. For a thorough understanding of the dienc 
photochemistry, it was necessary to investigate the 
behavior of their photoproducts. Of the two 
vinylcyclopropanes. 13wasunreactiveundersensitized 
conditions and I6 was only very slightly reactive 
(note Experimental). 

In contrast, direct irradiation of the dicarbo- 
methoxyvinyl cyclopropane I3 led to a modestly facile 
rearrangement. The two products observed were the 
diphenylvinyl cyclopropane I6 and the l,l- 
dicarbomethoxy diene 1 I in a I .5: 1 ratio. Note eqn (6). 
The formation of diphenylvinyl cyclopropane 16 from 
its regioisomer I3 provides still another example of the 
bicycle rearrangement.2b.3 ’ Interestingly, the 
bicycling was unidirectional and not reversible, since 
irradiation of the diphenylvinyl photoproduct I6 gave 
no reaction. Finally, it is seen that the formation of the 
l,l-dicarbomethoxyvinyl diene I I from vinylcyclo- 
propane I3 represents a “reverse di-n-methane 
rearrangement”. 
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One mechanism for formation of the photoproducts 
I I and I6 (note eqn 6) involves the disengagement of 
diphenylmethylene leaving l,l-dicarbomethoxy-4,4- 
diphenylbutadiene and then rcaddition of the carbene 
to the diene. however at different sites to lead to I I and 
16. Thus a crossover experiment was designed in 
which the photolysis of dicarbomethoxyvinyl 
cyclopropane I3 was run in a three-fold excess of 
1, I -dicarbomethoxy+Vdi-p-tolylbutadiene. At 47 
percent conversion a 99 Y;, mass balance was observed 
and only the normal photochemical products were 
isolated in addition to essentially quantitative recovery 
(99”,,) of the di-p-tolyl diene. No crossover 
photoproducts were detectable. 

This result is shown in eqn (7): 

Qwutum _vie/d ur~d excited singlet rute determinations 

Restt/t.s. For quantum yield determinations both the 
Black Box apparatus” and the semimicro optical 
bench” previously described were used. Additionally, 
the electronic actinometert-’ used in our photo- 
chemistry generally was calibrated with ferrioxalate“’ 
for each run; but for each wavelength the calibration 
was essentially invariant with time. The quantum yield 
results arc given in Scheme 2 and also eqn (6). Details 
arc given in the Experimental. 

Since reactivity is better correlated to excited state 
rate constants than to quantum efficiencies as we have 
noted earlier’ ‘.‘I’ we turned to the method of single 
photon counting used in our earlier studies2”3.‘s.‘~-” 
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Table I. Summary of slnglcl rates :ind hfcllmcs”“’ 

Compound Temp. K Md ‘k d(tot),* 
-1 

T.PS 
kr.s-' 

3,3-Dicarbomethoxy- 293 21 1.10 x 1o'O 
diene, 9 77 --------_-- 

l.l-Dlcarbomethoxy- 293 197 2.34 x 10" 
diene. 11 77 -____^_---- 

__ 

aSee Experimental Section for full details. bAll runs were made in 

methylcyclohexane-fsopentane (4:l). 'Estimated probable error limits 

+ 10%. - dAvera9e value of several runs. 

IO determine the rates of S, decay and rearrangement. 
The modification originally described in 1974 uses an 
on-line minicomputer to serve as a multichannel 
analyzer and to perform an iterative simulated 
deconvolution. The method assumes a decay function 
which is the sum of negative exponcntials with variable 
prc-exponential constants and variable rate constants 
as the exponentials. With the profile of the lamp flash 
collected and an initially assumed sum ofexponentials 
as the decay function, the minicomputer calculates the 
predicted profile of the fluorescence emission. The 
deviation of the prediction from the observed sample 
emission profile is used by an efficient algorithmI to 
determine the optimum choice of exponentials for the 
next iteration. The process is repeated until the 
experimental curve is reproduced. Our most recent 
results were obtained on a PDP-1 l/S5 and with 
improved programming”’ so that printout of the rate 
constantsiscompletcwithin twominutesofcompletion 
oftheexperiment. thus making single photon counting 
a routine tool. 

The results of single photon counting measurements 
are given in Table 1. As in our past studies where 
exceptionally rapid rates of decay arc involved, we 
made use of the inhibition of decay and reaction rates 
by temperature lowering. With the 77K decay rates 
available. the multipher M converting these to room 
temperature rates is defined as 0;‘:;0:’ = M.” These 
values are also included in Table I. 

Due to very weak emission single photon counting 
studies were not carried out on the dicarbomethoxy- 
vinyl cyclopropanc 13. 

Ir~rurprertrrirr r/isc~ts.s~on. The rearrangement of the 
3.3-dicarbomethoxy dicnc 9 follows a typical di-n- 
methane mechanism as depicted in eqn (8). A number 
of aspects involving the reaction efliciency and the 
excited state rates arc of special interest. but discussion 
is deferred for consideration of the quantitative aspects 
of the photochemistry of all the systems under study. 

For the moment it is suflicient to note that in contrast 
lo most examples of the di-n-methane rcarrangcmenl 
not only the singlet but also the triplet reacts with 
facility. In the closely related example of l,lSS- 
tetraphcnyl-3%dimethyl-I.4-pcntadiene (20)“” the 
triplet was found to rearrange only with extreme 
reluctance.” 

Inspection of the mechanism in eqn (8) reveals that 
ring opening of the cyclopropyldicarbinyl diradical 
21* leads to an especially stabilized triplet 1.3- 
diradical 22. The success of the di-n-methane 
rearrangement of the triplet presently discussed may 
derive from the ring opening process competing more 
successfully with intersystem crossing lo ground state 
cyclopropyldicarbinyl diradical 21. It has been our 
general obscrvations.‘5~‘2.2’ that ground stafc 
cyclopropyldicarbinyl diradicals tend lo undergo l.4- 
diradical-2.3-fragmentation. Hence. intersystem 
crossing to ground state leads back to di-n-methane 
reactant. and the more rapid three-ring opening thus 
prevents reversion lo reactant. Interestingly. central 
cyano substitution’” and also central phenyl 
substitution2”.2J afforded di-n-methane systems with 
reactive triplets. Hence the evidence is accumulating 
that it is the increased rate of three-ring opening 
resulting from stabilization of the trIplet l.3-diradicals 
which is the common feature in all of these CBSCS. 

Inrqmrurirr di,sc~~t.s.~or~. The most striking 
observation in the photochemistry of the l,l- 
dicarbomethoxy diene II IS the different regio- 
chemistry observed in the direct and the sensitircd 
runs, this reflecting thedifferent reactivity of the singlet 
and the triplet excited states of the dienc (i.e. I I ). The 
overall mechanisms involved are outlined in Scheme 3. 
It is again seen that the triplet is reactive. here as a 
result of the central phenyl substitution. This has 
precedent.“’ In Scheme 3 the partition between the 
singlet and triplet pathways bcpms with three-ring 
opening of the cyclopropyldicarbinyl dlradical species. 

9 21 22 16 
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Scheme 3. Overall reactlon mechamsms 

This multiplicity dependence on the regio- 

selectivity’ ’ of the di-n-methane rearrangement also 

has precedent. To begin with, the reaction of the 

excited singlets of dienes bearing electron with- 

drawing moieties at one end of the di-n-methane 

system tends to prefer formation of that regioisomer 

having the electron withdrawing group on the product 
cyclopropyl ring rather than on the double 

bond.“‘h~“~‘“~ZS Conversely, electron donors tend to 

appear on the product vinyl group.“.‘X.“h This 

generalization has been noted by us prcviously.“.2’ 

Furthermore, in two instances the triplet excited 

states of di-n-methane type dienes bearing cyanolh or 

carbomethoxy2’ terminal substituents have been 

observed to give regioselectivity which is unusual in 
that the electron withdrawing moiety is found on the 

product double bond rather than the three-ring. 
Additionally. in both the cyano and carbomethoxy 

examples2h~2n direct irradiation was observed to give 

partially reversed rcgioselcctivity in which the product 

with the electron withdrawing cyano or carbomethoxy 

Trtplet Product 

of the I.l-drcarbomethoxy dienc II 

group on the three ring constituted approximately half 

of the di-n-methane product. That the above 
generalization regarding the repioselectivity of 

singlets does not apply exactly to the direct 

irradiations may derive’” from intcrsystem crossrng in 
part in these cases. 

It is seen that the presently investigated example of 

I.l-dicarbomethoxydiene II cxhibitsaveryprcttyand 
unambiguous dependence of its regiosclectivity on the 

reaction multiplicity. The source of this phenomenon 

has been considered in our earlier studies’” and is 

analyzed m detail below in the theoretical section. 

Inferpwturiw discukon. The intriguing bicycling 
rearrangement and reverse di-n-methane reaction 

observed for the singlet of the I,l-dicarbo- 
methoxyvinyl cyclopropanc 13 arc qualitatively 
understood in terms of the mechanisms outlined in 

Scheme 4. The two processes can be seen to be related 

Ph w2cH3 
Pl! w2w3 

11 

Scheme 4. Overall mechamsm of the PhotochemIstry of dicarbomcthoxy cyclopropane 13 
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Central 
Compd Substitution o 0 kRT S-l 

r' kRT!k a 
r 0 log kFT,ko 

26 CN 0.66 0.11 0.92 x log 8.42 x lo-' -1.08 -_ 

9 CO2CH3 0.39 0.42 1.1 x 1o1O 1.00 0.00 

20 CH3 -0.17 0.080 1.4 x 1011 12.7 1.10 __ 

----- ___- 

"k,, - kr' Tar cmpd 9. 

Compd Tenp,K M 'kd~rot~,S-l 4 k,,s-' kd,s-' 
c 

l.l-Dfmethyl- 293 216 1.13 x 10" 0.076 8.5 x 
diene 25a 77 5.3 x 108 __ 

l,l-Die ano- 
diene 6 I 

293 247 1.11 x lo12 
109 

0.044 4.93 x 
77 4.49 x 

l,l-Dicarbo- 293 197 2.34 x 
vethoxy 77 
diene 11 __ 

09 1.05 x lO"(ref 
24) 

01' 1.06 x 1012(ref 
2bI 

011 3.67 x lO"(this 
study) 

“Data frclm rcf 21. “Data from rcf 2b ‘h,, = k,,,,.,, k, -- k, 

with the lirst bicycling step leading IO the common 
cyclopropyldicarbinyl diradical structure 23. The 

diphenylvinyl cyclopropanc product 16 arises from a 
second bicycling step while the l.I-dicarbomethoxy 
diene I I derives from a 1.4-diradical-2.3fragmenta- 

tion.” One aspect worthy of comment is that species 

23 is a general one which. in principle. mtght represent 
any of several electronic states of this cyclo- 

propyldicarbinyl diradical- S,,. S, or T,. As noted 

before S,, is the conliguration which most commonly 

undergoes the l.4-diradical-2.3fragmentation while 

the continued bicycling of 23 is more characteristic of 
S, ,5.15.??.23 

E.\-cifcd .\tufc rttrt’.\ o~/‘rwc~rior~ trd y~/ur~rurt~ rfficirnc,ir.\ 

I~rrerprc~ttrrire L)i.\cll.\.\iort. One of the most 
interesting features of the rate data dcrtves from 

comparison of the rates at which the singlets of X3- 

disubstituted-l.I.5.5-tetraphenyl dicnes rearrange as a 
function of central substitution. Referring to Table 2 
we note that the fastest rearranging system has central 

methyl substitution (i.e. diene 20”h.‘5). The centrally 

cyano-substituted dienc has a slower reacting singlet.“’ 

The presently tnvcstigated 3,3-dicarbomethoxydiene9 
is intermediate in reactivity. An interesting correlation 

between the log of these unimolccular rate constants 
and the Hammctt sigma values” was found and is 

tllustrated in Fig. I. 
We note with interest that this linear relationship is 

between ground state (i.e. Hammett) constants and 

excited state rates. 

This suggests that the portion of the molecule 

bearmg the cyano. carbomethoxy or methyl group 

must be unexcited both in the vertical exctted state 
reactant (i.e. reactant S, ) and also at the rate limiting 
stage along the cxcitcd state hypersurfacc. Thts point is 

Log kFT/k 0 t I.= 

Slope p = -2.5 

-1.0 -- 

-1.5 
CN 

-- 

I-IF. I. Plol of log(k,.'k<,) versus the Hammett sigma constants. Here k,, 1s the rtilc [or carbomcthwy 
substitution. Correl;lllon coefficient. 0.98. 



considered below in connection with our d&a-P 
partition of excited state energies. 

It is mtcresttng to compare the S, rate for the l.l- 
dicarbomethoxy diene 11 with that for the 
corresponding analog 25”.“” in which the carbom- 
ethoxy groups arc replaced by methyls. The rate for the 
dicarbomethoxy diene II is 2.3 x 10” while that for 
the dimethyi analog 25 is 8.5 x 10Vscc ‘. The 
dicyano diene 6 also has a high S, rate but smaller than 
that of the prcscntly studied dtcarbomethoxydienc (i.e. 
1 I ). These comparisons are seen by rcferencc to Table 
III. 

A summary of the situation is that the 
dicarbomethoxy dicnc has both a faster k, and kd, but 
the enhancement m k, is greater than that in kd with the 
result of a very high quantum efficiency for the 
dicarbomethoxy diene 1 I. 

(-~~~~~{~f~r/~~~~.~. SCF and SCF-Cl calculations were 
carried out on a truncated set of basis orbitals. The 

orbitals selected were those involved in electronic 
excitation as chromophores and also those orbitals 
involved in bonding changes along the reaction 
coordinate for the di-x-methane and bicycle processes. 
Wherecar~~ometh~xy substituents were present. one of 
these was introduced rather than two. Phenyl 
substitution was similarly provided by one phenyl 
group at each site bearing two. For interest’s sake, the 
calculations were also carried out without phenyl 
substitution. The reactions of interest. with basis 
orbitals defined, are outlined in Scheme 5. Details are 
given in the Section on calculations. 

Infcrprrfolice di.sru.ssim SCF calculations were 
used to construct MO correlation diagrams for the di- 
n-methane and bicycle rearrangements. Inspection of 
Schemes 3 and 4 reveals that the I,l-dicarbomethoxy 
diene 11, the diphcnylvinyl cyclopropane 16, and the 
dicarbomcthoxyvinyl cyclopropane 13 are in- 
terconverted via the common structure. the 

Ph 

Ph’ 

Ph*- 

Scheme 5. Reactions with basis orbit& defined 
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Fig. Z(a). S<:F Correlation diagram for di-n-methane rearrangement of the I-carbomethoxy diene and for 

bicycling (phenyl groups included). v A Electron configuration m reactmns from bridge A. 0 from bridge B . 
from bridge C 

cyclopropyldicarbinyl diradical 23, although different 
electronic configurations of 23 seem involved in the 
different reactions. With three compounds and one 
interposed structure. WC turned IO the triptych 
representation for the correlation diagrams as used in 
our earlier study on the cyano substituted systemszh 
This is shown in Figs. 2(a) and 2(b). 

The two correlation diagrams are similar in many 
respects but do differ as a result of phenyl substitution 
(in the case of Fig. 2a) being introduced. Thus. the 
HOMO-LUMO crossmgs in brrdges .4 and R are 

found for both phenylated and non-phenyl substituted 
systems. Additionally. there is a LUMO-LUMO + 1 
crossing in bridge A of both triptych’s However, 
phenyl substitution removes the LUMO-LUMO + I 
crossing in bridge B. 

WC now need to refer individually to the three 
excited states, each one corresponding to one excited 
reactant of intcrcst. If we focus attention on the excited 
state in bridge A it is seen that this quickly leads to an 
upper, and very high energy. configuration. This 
corresponds to a bicycle process whrch does not occur. 

HOI’?0 

n 

E = C02CH3 

Fig. Z(b) SCF correlatmn diagram wrthout phenyl groups 



134 H. E. ZIMMFKMAK and R. E. FACTOR 

Turning now to the di-x-methane reactant 28 in 
bridge C, we find that the cyclopropyldicarbinyl 
diradical 30 is formed in its excited state (note the 
triptych central axis approached from C) and that 
crossing points,“’ or bifunnels.s,3” affording a possible 
leakage to ground state products are found in each of 
bridges A and B. Indeed, both vinylcyclopropanes 27 
and 29 are found experimentally as products, one (i.c. 
27) from the singlet and the other (i.e. 29) from the 
triplet. 

that these show MO correlations and thus intended 
state crossings. the Cl allows us to determine where 
crossings arc avoided. These SCF-Cl calculations arc 
depicted in a triptych representation in Fig. 3. The 
reaction coordinates are the same as for the SCF 
diagrams in Figs. 2(a) and 2(b). 

One important result is that at each HOMO- 
LUMOcrossing point of the SCF treatment (note Fig. 
2a) there is a corresponding approach of S,, and S, , 
that is. a bifunnel.s.“2.33 

Lsstly in connection with the correlation diagrams, Furthermore. perusal of the Cl-triptych in Fig. 3 
we consider the carbomethoxyvinyl cyclopropanc provides an interesting understanding of the 
reactant in bridge 8. Here, Figure 2a reveals the experimentally observed photochemistry. Thus. 
excited stateconfiguration shown arrivesat thecentral starting with thedi-x-methane reactant (note bridge C 
triptych axis after passing a HOMO-LUMO crossing ofthe triptych)and theS, vertical excited stateof28we 
point (i.e. a bifunnel) and thus the cyclopropyl- find a hypersurface leading to the cyclopropylidi- 
dicarbinyl diradical is likely to be partitioned between carbinyl diradical M), at the central triptych axis, in its 
ground and excited state configurations. The excited S, (i.e. singly excited) state. This species can be seen to 
state configuration of diradical 30 is forced, by the select bridge A over bridge B since the bridge A S, 
usual disinclination for formation of upper hypersurface leads downward in energy to a bifunnel 
configurations, to proceed into bridge A. The ground whereas the bridge B surface has a maximum 
state configuration of thediradical is forced to proceed interposed between the central axis and a less efficient 
into bridge C. Experimentally, starting with the (more widely spaced S,, S, gap) bifunncl. The bifunnel 
carbomethoxyvinyl cyclopropane both bicycling and in bridge A lcads to the observed singlet di-x-methane 
reverse di-n-methane rearrangements are observed product, the rcgioisomer bearing a carbomcthoxy 
(tide supru). group on the three-ring (note 27 in bridge A). 

Interestingly. without phenyl substitution* the 
LUMO-LUMO + 1 crossing in bridge B would bc 
expected to inhibit both bicycling and reverse di-n- 
methane rearrangements. This, too, accords with fact, 
since with diminished phenyl substitution (i.e. no 
benzylic-benzylic bond remote from the vinyl group), 
di-n-methane products do not exhibit a reverse 
reactjon.‘.*‘,” All the examples which do show this 
reactivity have PhC-CPh substitution on the three ring 
remote from the vinyl group. 

SCF-Cl calculations were also carried out. While 
the advantage of the SCF one-electron calculations is 

The reactivity of the carbomethoxyvinyl cyclo- 
propane 29, represented in bridge B. can ,be accounted 
for in either of two ways; and both may be operative. A 
bifunnel isencountered in bridge B before reaching the 
central axis and the cyclopropyldicarbinyl diradical. 
Either total or partial funneling to ground state occurs 
here. If total conversion to S,, occurs here, then the 
ground statediradical just partitions itself between the 
reverse di-n-methane process leading to bridge c‘ and 
the bicycling process requiring surmounting a small 
(<0.4eV) So barrier leading to bridge A. 

Alternatively. if internal conversion in the bridge B 

Ph 

Ph A 
E 

28 

Ph 

P 

E 

Ph 

27 

529 

-531 

-533 

Fig. 3. SCF-Cl reaction hypersurfaces. 
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bifunnel is not totally efficient, then the cyclopropyl- 
dicarbinyl diradical at the central axis is formed in two 
states, S, and S,. S, can proceed into bridge C without 
encountering a barrier and this affords reverse di-n- 
methane product 28. S, diradical, following the 
downward curvature of the excited surface, arrives at 
thcet%icnt bifunnel in bridge A and intemalcoversion 
to So leads to phcnylvinyl cyclopropane 27 in an 
overall bicycling process. 

Lastly. reaction of the phenylvinyl cyclopropane 
involves formation of an S, state (note bridge A) 
confronted with a large energy barrier. No reaction is 
encountered experimc~~taily. 

Interpwturiw discussion. The role of HOMO- 
LUMO crossings in enhancing conversion of excited 
state reactant to ground state product was suggested in 
@&j.Xa.320.34 Since that time the point has received 
considerable attention.2A~s~33~35’36 One interesting 
point has been made by 0osterhoff3’ who pointed out 
that the S,-S, approach (a bifunnel) is perhaps 
adventitiously intersected by S, which is the surface 
actually involved in the photochemistry. Thus the 
application of the Woodward-HoRmann3’ and the 
Zimmerman M~bius-H~cke132.34 concepts to 
photochemistry seems to derive from this apparently 
accidental crossing of S, and S,. Similar findings 
derive from the work by Devaquet.” 

However. the purity of So and S2. relative to S, 
weighting. derives from S, having different symmetry 
in the model systems (e.g. cyciobutene--butadiene) 
studied.j” Inspection of the Cl wavefunctions 
throughout the regions of the two bifunnels in the 
present study (of Fig. 3) reveals that the lower state in 
each bifunnel, having an energy maximum is weighted 
most heavily in S,, but contains contributions from 
both S, and S, configurations. The first excited state 
(i.e. the bifunncl upper surface) is weighted most 
heavily in the S, (i.e. HUMO-LU~O) con~guratjon 
and also quite heavily in S,, and S, configurations. The 
weighting of S, and S,, in the first excited state 
diminishes as one proceeds away from the bifunnel. 

The very heavy inclusion of S, in the upper portion 
of a bifunnel thus comes from its ability to admix with 
S2 which. in turn.admixcswith S,,. TheabsenceofS, in 
completely symmetrical casts is artificial since it is not 

Large K Pathway 

Ph 

likely that a symmetrical geometry will correspond to 
the optimum energy pathway. 

Interestingly, the admixture of these configurations 
can be understood as analogous to the admixture of 
three contiguous atomic orbitals of unequal energy in 
an “allyi-like” array except that here the matrix 
elements are positive MO repulsion integrals and 
nodal characteristics should approximate an 
“energetically inverted allyl”species. To the extent that 
upper configurations are included and important, the 
pattern expected for the inverted aflyl-like species will 
be affected. For a pure “inverted allyi” species S, 
would be weighted as S, - S, f S, . Here the italicized 
symbots are configurations prior to configuration 
interaction and the boldfaced symbols are final state 
functions resulting from CI. The S, state should 
contain S, + S, - S,. Also the ground state should 
have S, and S, weighted with opposite signs while S, 
and S, should have S, and S, weighted with the same 
sign. This last expectation is found throughout while 
the “aflyf-like” pattern is found to be approximated in 
the actual calculations and of help in understanding 
the CI wavefunctions:deviations from the pattern seem 
to come from admixture of higher energy 
configurations. 

White uppercon~gurations are found to be admixed 
to some extent, the preceding analysis focuses 
attention on just three configurations of particular 
interest and most involved. 

The important conclusion, however is that the first 
excited singlet does lead directly to the upper surface of 
the photochemical bifunnel. 

Exchange intrpwl control of rrgioselrctirity and 
reacticity 

Interpretutice discussion. Previously” we have 
noted that where there is a marked difference in 
singlet-triplet splitting for the surfaces corresponding 
to two reaction pathways available to an excited state, 
the reaction pathway with the smaller singlet -triplet 
splitting will be preferred by the singlet while the 
pathway with the larger singlet -triplet splitting will be 
preferred by the triplet. This assumes that there are not 
extraneous factors (e.g. steric, energy dissipation 
mechanisms) to favor one reaction pathway or inhibit 
another. Note Fig. 4. 

Small K Pathway 

Ph 
Ph 

Ph 

Tl 

Prefenred Preferred 

By Triplet By Singlet 

Fig. 4. Exchange integral control of regmselectrvity. 
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For a single (singly excited) configuration the 
singlet-triplet splitting is given by 2K (e.g. with K 
being the exchange integral between HOMO and 
LUMO). Where an electronegative group, or other 
group polarizing the system, is placed on one of two 
diradicaloid centers, one can expect a small exchange 
integral. This results since the atomic orbitals weighted 
heavily in HOMO are not in LUMO and vice versa. 
More details have been discussed earlier.2h Thus, 
having carbomethoxy groups on a dnadical center of 
the 1,3-diradical, resulting from di-n-methane three- 
ring opening. lowers the value of the exchange integral 
K and leads to a preference for pathway by the singlet. 
Without carbomethoxy substitution on a diradicaloid 
center, a larger K results and this pathway is the one 
preferred by the triplet. This is schematically shown in 
Fig. 4 using Cl energies as an approximation. 

Thus, had complete surfaces been determined for the 
triplet species in analogy to the triptych representation 
for the singlets, one would expect a lower barrier in 
bridge B compared with bridge A in contrast to the 
singlet situation. 

Delta-P drrerminariot~ of~escitarion mergy disrrihtfiorl 

Inferprercrtiw discus.Gon. A useful technique in 
considering photochemical reactivity is determination 
of delta-P and delta-E matrices.3.“.“.‘8.27.3’ The 
delta-P matrix has at its elements the difference in 

corresponding bond orders and electron densities in 
proceeding from the ground to the excited state of 
interest. In those portions of the molecule, where the 
differences are near zero, there is no appreciable 
electronic excitation. In other portions where there is a 
large difference, the molecule has been excited. A 
negative change means that the given site has become 
more antibonding while a positive change corresponds 
to increased bonding. This provides a simple way of 
comparing ground and excited state wavefunctions. 
The delta-E matrix is the counterpart in which local 
bond orders have been converted to local energy 
contributions. This has an advantage where hybrid 
orbitals are included since changes in overlap 
populations between s-weighted orbitals have a larger 
energetic effect than changes involving just p-orbitals. 

Table 4 lists some delta-P and delta-E values of 
particular interest for the vertical excited state. for the 
cyclopropyldicarbinyl diradical, and for the two 
vinylcyclopropane products. 

As expected, the excitation energy of the di-rr- 
methane reactant is seen to be localized very heavily in 
the styryl moiety and much less so in the 
carbomethoxyvinyl group. The C-3 phenyl group is 
seen to be devoid of excitation. These conclusions are 
apparent in both the delta-P and the delta-E versions. 

In looking at the cyclopropyldicarbinyl diradical 
species we find that the large delta-P and delta-E 

Table 4. Use or delta-P and delta-E to identify sites of electronic excitation 

Orbitals 1,4-Diradlcal 30 __ Orbltals Vinyl cycl opropane ?! Orbitals Vinylcyclopropane ?? 

r,t APrt 
-0.0779 
-0.0102 

z 
8&d 

-0.0769 0.0206 
a 

::; -0.0014 -0.0119 

:*; 
B&d 

-0.0499 0.0238 
b 

::: -0.0413 0.0732 

:'Be 

L&d 

-0.0147 0.0189 

c 

1.2 -0.1868 

1,23 0.0588 
23,24 -0.0295 
24,25 -0.0047 
25.26 -0.0020 
Carbinyl Phenyl 

3,4 -0.1457 

5.17 0.0569 
li,l8 -0.0283 
18.19 0.0112 
19,20 -0.0163 
Cyclopropyl Phenyl 

AE rt 8” 
0.4659 
0.1944 
0.2636 
-0.G860 
0.5379 

r.t 

2: 
5:16 
7.16 
Bond e 

-0.0512 0.3583 
-0.0054 0.0308 
-0.0133 0.0759 
0.0053 -0.1009 

0.3641 

I,5 
1.7 
5;13 
7.13 
Bond 9 

0.0731 3,4 -0.0806 0.5685 1.2 
0.0271 3,16 -0.0087 0.0494 1 .14 
0.2318 15,16 0.0008 0.0152 2,13 
-0.0994 4.15 -0.0043 0.0243 13,14 
0.2326 Bond d 0.6574 Bond f 

-0.4333 
0.1934 
-0.3605 
0.0555 
-0.5449 

1.345 

-0.3759 
0.2219 
0.0371 
O.Gl54 
0.1729 

1.0199 

-0.3366 
0.2175 
-0.0875 
0.1269 
0.1772 

APrt A.Ert 8" 
- - 

:::5 -0.0832 -0.0019 0.0362 0.5925 

z5 
8&d 

-0.0050 -0.0096 0.0542 0.0782 
b 0.7611 

Orbitals M-r-methane Dlene 28 __ 

1,23 
23,24 
24.25 
25;26 
Styryla 

X 
0.0003 

9:10 
0.0020 
-0.0012 

9.12 -0.0011 
Carbomethoxy Vinyl 

-0.6053 
-0.0116 
0.0109 
0.0105 
0.0070 

"All phenyl bonds are included tn the total LE. 5.17 0.0000 0.0000 
17.18 0.0000 0.0000 
18,19 0.0000 0.0000 
19.20 0.0000 0.0000 

r,t APrt 

-0.0814 
-0.0070 
-0.0081 
0.0016 

-0.0612 
-0.0157 
-0.0181 
0.0039 

-0.0584 
-0.0191 
-0.0180 
0.0036 7,14 

Bond a 

A& ,ev 

0.5766 
0.0396 
0.0459 
-0.0305 
0.6316 

0.4315 
0.0892 
0.1026 

-0.0742 
0.5491 

0.4110 
0.1084 
0.1024 
-0.0685 
0.5533 

Central Phenyl" 0.0000 
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values are largely in the cyclopropyldicarbinyl moiety 
itself with comparable values only in the C-l and ortho 
locations of the phenyl substituent on the carbinyl 
carbon. This migration ofenergy ofexcitation from the 
vertically excited chromophore into the cyclopropyl- 
dicarbinyl diradical moiety has been noted before23.3Y 
and seems to be general in the di-n-methane 
rcarrangcment. 

The same treatment applied to the bicycle 
rearrangement requires the delta-P and delta-E values 
for the vinylcyclopropanes (note Table 4 again). The 
reactive vinylcyclopropane (i.e. the carbomethoxy- 
vinylcyclopropane 29) is the one having a 
benzylic benzylic three-ring bond g. This isomer has 
Its excitation energy heavily weighted in this three-ring 
sigma bond remote from the vinyl group, and it is this 
remote sigma bond which opens in the bicycling 
process. In contrast for the unreactive vinylcyclo- 
propane 27 the bond e which needs to break is 
considerably less energy rich than the other two bonds 
b and d. Reversible opening at these bonds affords a 
mechanism for energy dissipation and does not lead to 
bicycling (note Scheme 5 for labeling). 

Finally. the delta-l-’ treatment leads to an 
understanding of why ground state sigma constants 
correlate well with the log of the S, rates for centrally 
substituted di-n-methane systems. We note that a 
central phenyl group (Table 4) has much lower delta-E 
values than found in the three ring (here delta-P’s are 
less helpful). This is true both for the vertical excited 
state and for the cyclopropyl dicarbinyl diradical 
whose formation is thought to be rate limiting. To the 

extent that this is general for the groups presently 
under discussion- CN, Me, COOMe- -one is indeed 
dealing with ground state moieties and ground state 
sigma constants arc applicable. 

The bicycle rearrangement is seen to be a reaction of 
ever increasmg generality and intimately tied to the di- 
rr-methane rearrangement tn mechanism. Rcgio- 
sclectivrty dependence on multiplicity is a pheno- 
menon which also requires more attention in the 
future. 

3-Curho,fierho.~?,- 1.1.5.5-r~r~upl~ert~/- 1.4~pwrudrene. A soln 
of 5.04a (13.6mmol) of 1.1.5.5tetraohcnvl-1.4~oentadiern?’ 
in IOO~ml anhyd THF was cooled to 0 and 9.03mL 
(13.6mmol 1.5 M hexane soln) of n-BuLi was added 
dropwtse. The soln was sttrred 25 min and transferred under 
N, vta canula to a stirred soln of3.12 mL (40.3mmol) methyl 
chloroformate in lC0mL THF. After the addition, the 
mixture was stirred for 30min. poured into 5OOmL sat 

NH,CI aq and ethcrextracted. The extracts were washed wtth 
water. brine. drted over Na?SO, and concentrated nt roctto to 
give 4.79 g (82 9 ‘I,,) of 3-carbomethoxy- 1.1.5.5-tetraphenyl- 

1.4-pcntadiene. m.p. 163 165 RccrystalliLatton from 
CH,CI, and hexane ytelded 457g (79”,,) of the 3- 
carbomethoxy dienc. m.p. 164165 

The spectral data were: NMR (CDCI,) S 7 4 6.X (m, 20 H, 
aromk6.16 (d. 2H. J = IOHz. vinvl). 4.21 (I. I H.J = IOHz. 
methinc). 3.68 (s, 3 H, CO,CHI): iR (KBr) 3086. 3058, 3021, 
2959. 1733. (s. C = 0) cm ’ : MS rnie 430.19329 (Calc. for 
C.,,H,,O,,m~r430.l9199~.(Found:C,86.44;H.h.26Calc.for 
(‘,,H,,,O,: c‘. X6.48: H, 6.09”,,). 

3.?-L)fc trrhor,lc,rIrl,z~,- I. 1.5.5-rrrrtrp/rc~,l,,/- 1.4-pwodiene. 
Sodwm hydride (U.576 g. 0.012 mmol. SO”,, m mtneralo~l) was 
washed free of mtncral oil with hexane. A soln of 4.30s~ 
(0.0lOmmol) of 3-carbomethoxy-l.l.5,5-tetraphcnyl-l.4- 

pcntadiene in 60mL anhyd THF was added to the sodium 
hydride under N, and the mixture was refluxed for 12 hr. The 

mixture was allowed to cool to room temp and 1.55mL 
(0.020mmol) methyl chloroformate was added. The mixture 
was refluxed for 25 mm, cooled, poured mto sat NH,CI aq 
and extracted with CH#ZI~. The orgamc extracts were 
washed with water, brine. dried over Na,SO, and 
concentrated in IWIW. The yellow sortd obtamed was 
recrystallized from CH2C1, and hexane to yield 2.98g 
(61.1 :‘,,) of 3.3dtcarbomethoxy-l,l,5_tetraphenyl-l,4- 
pentadtene. m.p 139-140. 

Thcspectraldatawere: NMR (CDCl,)(i 7.4-6.96(m,2OH. 
arom). 6.63 (s, 2 H, vinyl). 3.39 (s. 6 H, CO,CH,); IR (KBr) 
3086. 3058. 3030. 2994. 2950. 2841. 1736 (s. C=O); UV 

(Et@) &,a, 257.5nm (~24.300). 295 (~3310): MS m/e 
48X.19949 (Calc. for C,,H,,O,. rn;r 488.lYX76). (Found: C. 
81.31: H. 5.61. Calc. for C,,HJ,O,: C, 81.13; H. 5.78’:;). 

I,I-D~~urhomerho.\-~-3,3,5.5-r~~rrup/~e~~~l-1.4-p~ntudrene. 
The tttanium tetrachloride method described by Lehncrt4’ 
was applied. To a soln of IOOmLdry THF at 0. under N, was 
added 5.70mL (51.9mmol) tttanium tetrachloride m 13mL 
Ccl,. To thts mixture was added 1.50mL (13.1 mmol) 
dtmethyl malonate and 5.02 g (13.4 mmol) 2.2.4.4- 
tetraphenyl-3-butenal. z4Thcmtxturcwasallowedtostirat0 
for 20min followed by addition of 8.30ml (103 mmol) dry 
pyrrdrne in 17.0mL THF. The soln was allowed to warm to 
room temp and stirred under N1 an additional 24 hr. diluted 
with 30mLwatcrand poured into lOOmLether.Theaqueous 
layer was ether extracted and the combined extracts washed 
with water. NaHCO,. brine.drtcd and concentrated iti LYICUO 
leaving 6.2713 of a yellow oil. Chromatography on a 2.5 
x 95cm silica gel column slurry packed m 2”; ether in 
hexanc wtth clution m 250mL fractions gave: fractions 1-5, 
2’:,, ether in hexane. nil: 6 7, 4’>,, ether in hcxane. 696mg 
dimethyl malonate: 8, a mtxture of 131 mg of dimethyl 
malonatc and 326 mg (4.98 “,,I I,l-dicarbomethoxy-3,3,5.5- 
tetraphenyl-1.4-pentadicne, 9- 10. 3.15g (49.1 y,,) 1.1- 
dicarbomethoxy-3,3,5.5-tetraphenyl-1,4-pentadiene, m.p. 
122-124 Recrystallizatton from EtOH gave 2.87g (43.8”,:) 
colorless crystals, m.p. 123. 125 

The spectral data were: NMR (CDCI,) 67.62 (s, I H, 
-CH=C(COOCH,),. 7.40 6.80 (m, 21 H, arom and 

Ph>C=CH-_) 3.67 (s. 3H, -CO,CH>). 3.16 (s, 3H, 
-CO,CH,); IR ((‘tICI,) 3060. 3020. 2955, 1725 (s, C=O), 
1670. 1598. l4Y2. 1445. 1438. 1372. 1252, 1215. 1070. 1030. 

1025. 1002. 985. 7OOcm-‘: UV (EtOH) i,,, 250nm 
(r: 19.8661: MS wo 488.1986 (Calc. for C,,H,aO,. mie 
488.lY88: (Found: C. 81.29: H. 5.90. Calc. for? fi b : k, 3, 28 4 
81.13: H. 5.78”;,). 

1.1.2.2-7~,rrop/lerI~~/-3-(2.2-d;~urb~~~~~~r~~.~~~~;~~/) c~~lop- 
ropune. Usmg the tttanmm tetrachlortde procedure described 
above4’ A mixture of IOmL THF, 0.570mL (5.19mmol) 
titanium tetrachloride in l.30mL CC],, 0.15OmL 
(1.3 I mmol) dtmethyl malonate. 500 mg (I .34 mmol) 2.2.3.3- 
tetraphenylcyclopropane-l-carboxaldehyde’h and 0.830mL 
(10.3 mmoli pyrtdine in I .70 ml TH F was reacted for 24 hr to 
yield 636mg yellow 011. Chromatography on a 2.5 x 30cm 
sihca gel column slurry packed tn 2”,, ether in hexane with 
elution in ICOmL fracttons gave: fractions 1-5, 27,, ether in 
hexanc. ml; 6 8. 3”,, ether In hexanc, 45.0mg dtmethyl 
malonate;9,nil; 10-l 1.0.431 g (65.9”,,) 1,1.2.2-tetraphenyl-3- 
(2,2-dicarbomethoxyvinyl) cyclopropanc. m.p. 216-218”. 
Rccrystalli~ation from EIOH gave 409 mg (62.5”,) of 
colorless crystals, m.p. 217-21X’. 

The spectral data were: NMR (CDCI,) ~7.60 6.84 (m, 
21 H,arom and vmyl). 4.01 (s, 3 H. CO,CHF). 3.95 (d. I H. J 
= 6H.z. cyclopropyl). 3.71 (s, 3 H. -CO,C’H,): IR (CHCI,) 
3055.3020,2950.1720(s.C=0). 1622,1595,1490,1442,1435, 
1350. 1258, 1230. 1152. 1100. 1065. 1030,985. 700cm-‘: UV 
(EIOH b i,.. 223 nm (~20.333). 250 (I: 10.167): MS mie .._^ 
488.1963 (Calc. for C,,H*,O,. nt;e 488.1988). (Found: C, 
81.29; H, 5.90). Calc. for C.,AH,,O,: C, 81.13; H. 5.7X’:;,). 

1. I -Dicurhomrrho~~-4.4-dlphenJ.I- 1.3~htrradiune. To a soln 
of 1.49 g (7.16 mmol) 3.3-drphenylacrolem” in I5 mL 
dtoxane was added I .0X mL (9.45 mmol) dimethyl malonate 
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and 0.85 mL (8.59 mmol) piperidine. The mixture was stirred 
under Nz for 24 hr. poured into 1OOmL water and ether 
extracted.The extract was washed with 107; HCI, NaHCO,, 
brine, dried and concentrated in LUCUO. The solid residue 
obtained (2.21 g)was recrystallized from 95 “‘t EtOH, yielding 
l.2Og (52.0”;) l.l-di~rbomethoxy-4,4-diphenyl-1.3- 
butadiene. m.p. X5-85.5 . 

The spectral data were: NMR (CDCI,) d7.57-7.03 (m, 

I2 h. arom and vinyls), 3.82 (s, 3 H. -C02CHa), 3.69 (s, 3 H, 
-COJH_& IR (CHCI,) 3010.2945. 1715. i-65. 1590, 1445. 
1435. 1375. 1345, 1270, 1250. 1190, 1175, 1145, 1070. 
7OOcm-‘; MS m/e 322.1210 (Calc. for C,,H,,O,. m/e 
322.1205). (Found: C, 80.91; H, 5.79. Calc. for C H 0 : C. 3, 28 J 
81.13; H, 5.78”;,). 

I,l-Dieurbonzrtho.~)-4,4-di-p-ro~~~-2,3~. To a soln 
of 2.2Og (9.32 mmol) 3.3-di-p-tolylacrolein2” m Il.4 mL 
dioxane was added 1.41 mL (12.3 mmol) dimethyl malonate 
and I.lOmL (I 1.1 mmol) piperidine. The mixture was stirred 
under Nz for 15 hr. poured into water, ether extracted, the 
ether extract was washed with IO”,,, HCI, NaHCO,, brine, 
dried and concentrated in I‘UCUO. The solid residue obtained 
(3.5Sg) was recrystallized from 95’:,,, EtOH, yielding 2.33~ 
(71.4”,,) I.l-dicarbomethoxy-4.4-di-p-tolyl-1.3-butadiene. 
m.p. 120-121 

The spectral data were: NMR (CDCI,) 67.48-6.82 (m, 
IO H, arom and vinyl), 3.80 (s, 3 H. CO,md, 3.66 (s. 3 a, 
-CO,C%). 2.36 (s, 3H. p-g,Ph). 2.30 (s, 3H, p-C_H,Ph): 
IR (CHC13), 3010, 2950. 1718 (s, C=O). 1592, 1435, 1375. 
1270. 1250, 1225, 1190. 1175. 1140, 1070. 825; L’V (UOH) 
L,,, 236 nm (t. 15.641). 2% (c 13,235): MS nt:e 350.1523 (Calc. 
for C H 22 21 4. 0 m!e 350.1518. (Found: C75.60; H. 6.34. Calc. 
for CIIHzIOI: C, 75.41; H. 6.33’,‘,,). 

Gunerul procrdurejor uxplorurory phoro/~ws. All direct and 
sensittzed exploratory irradiations used a 450-W medium 
pressure mercury lamp tmmerslon apparatus or the Black 
Box apparatus” as specified for each run. For Black Box 
photolyses the band-pass was controlled by filter solutions m 
a three compartment ouartz faced cell.’ 2 The solns employed 
were: Filter A-- Cell I, 2.0 M nickel sulfate in loo/, H,SO,, Cell 

2,0.8 M cobalt sulfate in 104/o H,SO,, Cell 3, 2.46 x 10 * M 
bismuth trichlorldc in 40’:” HCI. The transmission was O>,, 
below 254 nm, 26 9, at 285 nm and OY,;, above 307 nm. 

All quantum yield photolyses were purged with purified N, 
for I hr before and during each run. 

E.~plorutor~ dirccr ~hor~J/~.sis of 3.3-ciicurbonlelhox~- 
1, I .5,5-rrrruphenyl- 1,4-pentcl~im~.” A soln of 500 mg 
(1.02mmol) 3,3-dtcarbomethoxy-l.I.S.5-tetraphenyl-1.4- 
pentadiene m 480 mL t-BuOH was irradiated for 1.5 hr with 
the450-W lamp through a Corex filter and thenconcentrated 
rn t‘acuo. The crude photolysatc was chromatonraphcd on a 3 _ 
x 57cm silica gel column with clution in 40mL fractions 

usinp. 2’:.. CH,Ci, in hexane: 196-256. 220me (44.2”..1 of 
starting ‘biene; 2-57-340. 274mg (55 “,,) of ‘l:ldic&o- 
methoxy-2.2-diphenyl-3-(2,2-diphenylvinyl~yclopro~ne as 
colorless crystals, m.p. 135-136.. The spectral data were 
identical to independently synthesized material. 

Explorufor~ senirirred phorolysis o/ 3.3-dicarhomefhosy- 
1.1,5.5-ferraphen!f-l,4-prnradiene. A soln of IO1 mg 
(0.207 mmol) 3.3-dicarbomethoxy-1.1.5.5-tetraphenyl-1.4- 
pentadiene and 4.608 (38.3 mmol) acetophcnone in 101 mL 
benzene was irradiated for 0.31 hr through filter A using the 
Black Box apparatus. The light absorbed was 

0.183mEinsteins. Concentration irr L’U~UO left 4.78g of a 
yellow oil. Bulb to bulb distillation (0.015Torr. 30 ) removed 
the acctophenonc leaving 1OOmg solid rcsldue. The NMR 
showed this to be a 3:l mxture of 3.3-dicarbomethoxy- 
l.l.5,5-tetraphenyl-l.4-pentadtene and l.l-dicarbomethoxy- 
2,2-diphenyi-3-(2,2-diphenylvinyl~cyclopropanc. 

The crude photolysate was chromatographed on a I.5 
x 90cm silica gel column slurry packed m 3’:,, ether in 

hexane wlthelution in 150mL fractions: 16.71.8mg (71.1”;,) 
3.3-dicarbomethoxydiene: 17.23.8 mg(23.6’Qdiphenylvmyl 
cyclopropane. The overall mass balance was 94.7 ‘:b. 

Exploratorsdirecr phoro/ysi.s CJ{ l.l-dicarbomerho~~-3.3,5,5- 
fe~ruphen~~- l.Cpenradiene. A soln of I21 mg (0.248 mmolf 

l,l-dtcarbomethoxy-3,3.5,5-tetraphenyl-l,4-pentadiene m 
l20mL r-BuOH was irradiated 2 hr through Pyrex using the 
450watt immersion apparatus a’nd then concentrated UI 
cucuu leaving I24 mgsolid. The N MR spectrum showed total 
conversion to I.l-dicarbomethoxy-2,2-dlphenyl-3-f2,2- 
dtphenylvinyl) cyclopropane. Recrystallization from 95”,, 
EtOH gave 78.3mg colorless crystals, m.p. 136 I37 . 
Concentration of the mother liquors and chromatography on 
a I.5 x 6Ocm stlica yel column slurry packed in 5’5, ether m 
hexane in 25Oml fractions gave in 13 and I4 an additional 
36.2mg diphenylvmyl cyclopropane, m.p. I35 -137 (total 
114.Smg, 94.69;). The spectral data were identical to that of 
independently synthesrled material. 

~~p~oru~~~r~ srnsirized p~t~~frl~~sis of I. 1 -$ictrrbomctl~cts~- 
3,3.5.5-~erraphe~z~~-l.4-penrudirrre. A soln of 200 m8 
(0.410mmol) I,l-dicarbomethoxy-3,3,5,S-tetraphenyi-1,4- 
pcntadiene and 8.03~ (66.9mmol) acetophenone in 200ml 
benzene was irradiated for 30min through a Pyrex filter and 
then concentrated in cuwo leaving a yellow oil. Subsequent 
bulb to bulbdistillation (O.Ol5Torr. 30 ) was used to remove 
the acetophenone leaving 202 mg whtte crystals. The NMR 
showed total conversion to 1,1.2.2-tetraphenyl-3-(2,2- 
dtcarbomethoxyvinyl) cyclopropane. Recrystallizatton from 
ether,‘hexanegave I61 mgolcolorlesscrystals.m.p. 216-217 
Concentration of the mother liquor and chromatography of 
the residue on a 1.5 x 60cm silica gel column slurry packed in 
Sy:, ether in hcxane with elution in 25OmL fractions gave m 
17 and 18 an additional 30.2 mg tetraphenyl cyclopropane, 
m.p. 217-218’. (total 191.2mg. 95.6”;,). The spectral data 

were identical to that of independently synthesized material. 
The same results were obtained when the photolysis was 
performed in r-BuOH. 

E.sp/orcrforJ drrcrr phorol~sis o/ I,I.2,2-rerruphc~n~/-3-(2,2- 
dicarbomeihox)vin~/)c~c/opropane. A soln of 205 mg 
(0.420mmol) 1.1,2,2-tetraphcnyl-2-(2,2.-dicarbomethoxy- 
vinyl) cyclopropane in 200 mL-r-BuOH was irradiated 30 min 
through Pyrex and concentrated in rucm~ leaving 2lOmg 
solid residue. Analysis by 270MHz NMR showed a mixture 
of starting material, I,l-dlcarbomethoxy-3,3,5.5-tetraphenyl- 
I,4-pentadiene and I.l-dicarbomethoxy-2.2-diphenylvinyl- 
cyclopropane in a ratio of cu 4.2: I : I .S. 

The crude photolysate was chromatographed on a l.S 
x 90cm silica gel column slurry packed in 3’%,, ether in 

hexane with elution in 15OmLfractions~ve: fractions 17.18. 
43.6 mg (21.3 ‘I,,) diphenylvinyl cyclopropane; 19-20.29.3 mg 
(14.7’:,,) l.l-dicarbomethoxy diene: 21, 128mg (62.4”,,) 
dtcarbomethoxyvinyl cyclopropane. The overall mass 
balance was 98 ‘I;,. 

Prolonged irradiation (1Ohr) for a l02mg soln of 
dicarbomethoxyvinyl cyclopropane in I02 mL of I-BuOH 
under the same conditions yielded 91 mg (X9.2”,,) 
diphenylvinyl cyclopropane as the only photoproduct. 

Direct phofo/~s~.s o/’ I. I-dicurhomerho.u~2.2-J~phc~~~~~l-3- 
(2.2~diphrn$rin~l) cyclopropane. A soln of98 mg (0.201 mmol) 
l,l-dicarbomethoxy-2,2-diphenyl-3-(2,2-d~ph~nylvinyl)- 
cyclopropane in 100 mL I-BuOH was irradiated 2 hr through 
Pyrex and concentrated in rucw leaving 95.6mp (97.5”,,) 
white crystals. m.p. IX- 136 ‘, identical with starting materrat. 

Cortrrol experimenf 

Sensitked phffJlW of l,l.2.2-rc,rroplren~/-3-(1.2- 
dicurbomerhox~vin~I)cgc./opropune. A soln of 101 mg 
(0.207 mmol) 1.1,2.2-tetraphenyl-3-(2,2-dicarbomethoxy- 
vinyl)cyclopropane and 3.94g (32.8 mmol) acetophenone in 
1OOmL benzene was lrradtated 45min through Pvrex and 
concentrated in ~YXI<O leavmg a yellow 0~1. %ulh to bulb 
distillation (O.OlOTorr, 30’) removed acetophenone leavmg 
99.0mg (98.0%) whitecrystals. m p. 216-217 , identtcal with 
starting material. 

C’onrrol experimenr 

Direct phoroiysis of l.l-dicarhometho.+3.3.5.5~rerru- 
pl~t*~?l-1.4-pe,enrudietlr urtd 1,1.2,2-r~‘rrop/~~~~~~l-3-(2,2-~~~~~lrh0- 
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,?l~rlto.~~l.irl~,/) c.rc/op,oponr. A soln of 502 mg ( 1.03 mmol) I. I- 
dicarbomcthoxy-3.3.5.5-tetraphenyl-I,4-pentadiene and 
I.03 mg (2.1 I x IO i mmol) 1.1.2,2-tctraphenyl-3-(2.2- 
dicarbomethoxyvinyl)~cyclopropane m 750 mL t-BuOH 
was irradiated 4.26 hr through filter A on the Black Box 
apparatus usmg 2.66mEinsteins. Analysis, under identical 
condmons to quantum yield determinations described above, 
detected X6”,, of starttng l.l-2.2-tetraphenyl-3-(2.2- 
dicarbomethoxyvmyl)yclopropanc. Thereforeconversion to 
the totraphenyl cyclopropane was CD < 7.93 x IO- ‘, 

fhrwr f~l~tr~~~~ Si.\ of ‘I tnistirr~ of I. I ,2,2-frrruplrt,f,~~-3-( 2.2- 

cllcu~hortrcrlfi~~~tr~~~lk3.c.fc~p~ctpu”” and I. 1 -dr~arhtlt?tcii?cl.~~- 
4.4-p-lo/& I.~-~~~I~/~~~~,~?(J. A soln of 75 mg (0.154 mmol) 
1.1.-?.2.-tctraphenyl-3-(2.2-dtcarbomcthoxyv~nyl)cycfo- 
propane and I68 (0.0480mmol) I.l-dicarbomethoxy-4,4-p- 
tolyl-l.3-butadicnc in 25OmL I-BuOH was Irradiated 45 mitt 
through Pyrex and concentrated in recl~, leavmg 248 mg 
yellow oil. C‘hromatography on a 1.5 x 9Ocm srlica gel 
column slurry packed m Z”:, ether in hexane with elution m 

ISOmL fractrons gave: fractions 14-15, 166mg (98.X”,,) 
drcarhomethoxy-di-p-tolyl-butadiene; 18-19, 3:” ether m 
hexane. 21.2 mg (28.3’1,) diphenylvinyl cyclopropane; 20-21. 
l3.Ymg (1X.5”,,) l.l-dicarbomethoxy drcne; 22. 38.4mg 
(51.2” ,,) dtcarbomethoxyvinyl cyclopropane. The overall 
mass balance WIS 99 6" c 1 (1 

<‘omrol ~‘.~p~‘r~~l~~‘fl? 
Srm,rid ~~lfJff)/l~Sl,\ of I.l-ificorhrmrt~r/~o~~-',2-$iphr~~z~1-3- 
12.?-diphrr~~~lcir~~Oc~~~/opropanr. A soln of 250mg (0.512 

mmol) I.1 -dtcarbomethoxy-2.2-diphenyl-3-(2.2-diphenyi- 
vrnyl)-cyclopropane and 9.1 g (75.8 mmol) acetophenone in 
250mL benzene was irradiated 2.31 hr through filter A on the 
Black Box apparatus with 1.44m Einsteins. Bulb to bulb 
distillation (O.OIOTorr. 30”) removed acetophenone and 
analysis under identical conditions to quantum yield 
determinattons described was performed. No dicarbo- 
methoxyvinyl cyclopropanc was detected. A control mixture 
containing 0.654 ::,, dicarbomethoxyvinyl cyclopropanc was 
examined under identical condittons and thts conversion 
would have been measurable. Therefore conversion was 
<0.654”,,. cl) < 1.42 x 10-j. 

Phrtft+si.s ~~~prfr~~~~/s ,!or ~~ff~~~~~n .virlrf Rrtertnincrticl,~.s. All 
quantum ytctd detcrmin~itions were run on either the Black 
Box apparatus” or semimrcroptical bench.rz Light output 

was measured using a digital actinometer” calibrated by 
ferrioxalate actinomctry. ” Microoptical bench photolyses 
employed an Osram HBO 200-W htgh-pressure mercury 
lamp and Bausch and Lomb Model 33-86-79 mono- 
chromator with a 5.4-mm entrance slit and 3.0-mm exit slit 
giving a band-pass of 22 nm a half-peak height. For Black Box 
photolyses the band passwascontrolled by the Iiltersolutions 
described above 

Sirrntnnr~~r# quutrfu~n ~wld rcwh,s. All runs were analyzed by 
high-pressure liqutd chromatography using a 4.0 x 270mm 
column packed with S-IO p silica bead? eluted with l5”,, 
anhyd ether in anhyd hexanc. The internal standard used was 
p-cyanoanrsole. The data are reported in Tables 5 9. 

~fni.\.\~f~~~ srtr&\ niug,c ~?~~~~r~~~i~,~,\.’ ’ The fluorescence 
spectrum of each compound was measured m a 4:l 
mcthylcyclohexanc isopentane soln at 77 K and 295 K 
using an Aminco-Keirs spectrofluorometer equipped with a 
Hanovra YOIC-I 150-W Xenon arc lamp. Concentrations of 
solns were adjusted to give optical densities of 0.8 0.9. All 
solns were thoroughly degas& Immediately before the 
spectra were obtained. Emission wavelength maxima were 
found to be independent of excitation wavelength over a 
5Onm range. Magic Multipiers were calculated by dividing 
the integrated intenstty of fluorescence at 77 K by the 
Integrated intensity of Ruorescence at 29S”K. The average 
value obtained l’or each compound was: 3.3-dtcarbomethoxy- 
1.1.5.5tetraphenyl-l.4-pentadiene. M = 21.0 (3 runs); l.l- 
dicarho-methoxy-3.3.5,5-tetraphenyl- I.4-pentadiene. M 
= 197 (3 runs). 

SirtRIe p~f~~?~~~? co~~nrmR. The apparatus and procedure have 
been descrtbed previously. “.‘* lndivtdual samples were 
prepared tn 4: I methylcyclohexane-isopentanc to give an 
optical density in the range of 0.8O.Y. thoroughly degasxd 
immediately beforecounting. and counted at 77 K. Data was 
collected at less than 5”,, lamp flash frequency to Insure 
exclusion of double photon counting. Excitation wavelength 
was varted over the range 275 and 3iOnm and emtssion was 
monitored over the range 305 to 360nm with an RCA 8850 

photomultipher. The decay range was found to be 
independent of excitation wavelength. emission wavrelength 
and optical denstty to wtthin 5”,, usmg the “A” valu~‘~ as a 
measure of the fit of calculated to experimentally observed 
decay rate. The data are reported as follows: compound. 
average lifetime. average decay rate. number of runs. A-value. 

(1) 3,3-l~icarbomethoxy-l,l~S,S-tetraphenyl-l.4- 
pentadtene, 0.827 ns, 1.25 x IO’s_‘. 7. 0.037. 

Table 5. Photolysis of 3.3-dicarbomethoxy-l.I,S,S-tetraphenyl-1,4-pentadiene to attord l.l-dicarbomethoxy-2.2-diphenyl-3-(2,2- 
diphenyivinyl) cyclopropane 

- 

If ght absorbed photoproduct 
Run Reactant, lrmol mEinstefn X convn lIDlO B 

la 1.11 x IO“ 2.40 x 10-l 7.20 8.00 x 10-3 0.34 

2a 1.04 x 10-l 4.40 x 10-1 15.4 1.60 x 1O-2 0.23 

3a 1.04 x 10“ 1.70 x 10-l 23.7 2.50 x 10-2 0.14 

'Black Enx, 85 mL of cyclohexane, filter A, 

Table 6. Sensitized photolysis of 3.3-dicarbomethoxy-1,1,5,5-tetraphenyl-l.4-pentadtene IO afford 1.1.2,2-tetraphenyl-3-(2,2- 
dicarbomethoxyvinyl) cyclopropane 

- 
edded sew, 

Run 
light absorbed, 

Reactant, nmol mnol 
photopmduct 

sEfnstain 6 COtlYtl lmul 0 

;: 6.39 7.05 x x 10-R lo-* 29.2 26.7 2.14 4.26 x x 1O-3 1O-3 0.912 6.43 x 10-4 0.30 

1.93 1.23 x 1O-3 0.29 

3a 6.52 x 10-2 26.7 6.66 x 10-3 2.79 1.82 x 1O-3 0.27 

amicrooptfcal bench, 40 ml of benzene. 340 na. 
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Table 7. Photolysis of l.l-dicarbomethoxy-3.3,5.5-tetraphenyl-1.4-pentadiene to afford l.ldicarbomethoxy-2. 2-diphenyl-3- 
(2.2-diphenylvinyl) cyclopropane 

1 lght absorbed 
Run Reactant, mnol_ mEinstein 

1” 5.97 x 10-l 1.50 x 10-2 

23 1.83 x 10-l 2.12 x 10-2 

3a 2.30 x 10-l 7.32 x 1O-2 

4" 3.85.X 10-l 1.26 x 10-l 

"Black Box, 250 d of tert-butyl alcohol. filter A. - 

% convn 

0.985 

4.11 

11.2 

17.4 

photoproduct 
lmlol 

5.38 x 10-3 

7.52 x 10S3 

2.57 x 1O-2 

6.68 x 10-2 

0 

0.39 

0.36 

0.35 

0.30 

Table 8. Sensitized photolysis of I.l-dicarbomethoxy-3.3,S.S-tetraphenyl-l.4-~ntadienc to afford 1.1.2,2-tetraphenyl-3-(2.2- 
dicarbomethoxyvinyl) cyclopropane 

Run 
added sens, 

Reactant, mnol 
light absorbed 

ilW01 mElnsteln 
photoproduct 

"b convn mnO1 0 

la 6.91 x lo-' 28.3 1.45 x 10-3 1.91 1.32 x 1O-3 0.91 

2a 7.66 x 1O-2 30.0 6.88 x 1O-3 7.86 6.02 x 1O-3 0.88 

3" 6.45 x 1O-2 25.7 1.01 x 10-2 13.1 8.46 x 1O-3 0.84 

'microoptical bench, 40 mL of benzene, 340 mn. 
.- 

Table 9. Photolysis of 1.1,2.2-tetraphenyl-3-(2,2-dicarbomethoxyvinyl) cyclopropane to alTord I,I-dicarbomcthoxy-2,2- 
dlphenyl-3-(2.2-dlphenylvinyl) cyclopropane and l.l-dicarbomethoxy-3,3.5.5-tetraphenyl-l.4-~ntadiene 

light absorbed photoproduct 
Run Reactant, mnol mElnstein % convn Inn01 J. 0 

1" 7.76 x 1O-2 9.52 x 10-3 2.00 9.24 x 10-4c 9.7 x 1o-2 
6.29 x 1O-4 6.6 x 10-2 

2a 4.00 x 1o-2 1.18 x 1O-2 4.50 1.06 x 10:;: 9.0 x 1o-2 
7.33 x 10 6.2 x 1O-2 

3a 10-2 1O-2 
b 

6.66 x 3.36 x 6.87 2.75 x lo-?, 8.2 x 1O-2 
1.84 x lo+ 5.5 x 10-2 

'microoptical bench, 40 VI. of tert-butyl alcchol, 285 nm. bl,l-Oicarboaethoxy-2,2-diphenyl-3-(2,2-dlphenylvinyl~- - 
cyclopropane. C1.l-Oicarbomethoxy-3,3,5,5-tetraphenyl-l,4-pentadlen~. 

(2) l,l-Dicarbomethoxy-3.3.5,5-tetraphenyl-1.4- 
pentadiene, 0.330 ns, 3.05 x 10ys~‘, 6. 0.031. 

Caku1arion.s. The method employed was described 
previously.‘~s~“~19 Standard geometries for styryl vinyl 
methanes, vinyl cyclopropanes and 1,3-biradicals were 
established using a geometry program” with standard4h 
bond lengths and angles. Geometries for 1,4-hIradIcal species 
were taken from a reported INDO calculation with geometry 
optimization for the ground state 2-vlnylcyclopropylcarhmyl 
radical.” 

Calculations were performed with Fortran IV program? 
on a PDP-1 I;755 computer havmg 32 K words of memory. 
Direct access to and from two disks of 1.2 x lob words per 
disk allowed storage and USC of the large matrices 
encountered in configuration interaction calculations. 
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