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Eu(fod)3 (0.248 g, 0.00024 mol ,  m o l a r  r a t i o  o f  sh i f t  reagent t o  a l -  
cohol 0.235) was prepared. T h e  descr ip t ion o f  t he  nmr spect rum 
o f  t h a t  so lu t ion follows. 

Nmr -2.70 [Eu(fod)a protons], -1.47, m (1.7 H), -0.74, m (5.1 
H ) ,  0.0-1.4, m (8.9 H, 1.88, AB d (1.3 H), 2.47, AB d (0.6 H ) ,  
2.8-3.7, m (4.0 H ) ,  4.27, b road  s (0.5 H ) ,  5.00, d (0.5 H, J =  13-14 
Hz ) ,  7.40, m (1.0 H), 9.20 ppm, m (0.5 H ) .  I r r a d i a t i o n  a t  9.20 
ppm yields a doublet  a t  2.47 ppm ( J  = 13.5 H z ) .  I r rad ia t i on  a t  
1.68 ppm yields a b road  singlet a t  7.40 ppm, a n d  the  coalescence 
o f  t w o  peaks (J  = 13 H z )  in the  2.8-3.7-ppm m u l t i p l e t  t o  a sin- 
glet. I r rad ia t i on  a t  3.30 ppm yields a b r o a d  singlet a t  1.15 ppm 
(collapse o f  doublet, J = 12 H z ) ,  a n d  the  collapse o f  a doublet  ( J  
= 12 H z )  a t  0.40 ppm. 

B. Via Lithium Aluminum H y d r i d e ,  M i x t u r e  D. 10 (1.05 g, 
0.00772 m o l )  in 10 ml o f  d r y  ether was added dropwise t o  a s t i r red 
suspension o f  lithium a l u m i n u m  hyd r ide  (0.15 g, 0.00395 m o l )  in 
10 ml o f  dry ether. A f te r  add i t i on  was complete, t he  m i x t u r e  was 
s t i r red fo r  a n  add i t i pna l  15 min, t h e n  cooled in a n  ice-water ba th .  
Wate r  a n d  we t  sod ium sulfate were added, a n d  the  layers were 
separated. T h e  water  layer  was washed w i t h  a n  add i t i ona l  20 ml 
o f  ether, a n d  the  comb ined  ether layers were washed w i t h  water  
a n d  saturated sod ium chlor ide solut ion. T h e  ether layer  was d r ied  
over anhydrous potass ium carbonate a n d  solvent was removed 
in uacuo. T h e  p roduc t  was recrysta l l ized f r o m  pentane, y ie ld  0.80 
g (%YO), mp 158-163". T h e  nmr spect rum o f  t h i s  m i x t u r e  in the  
presence o f  Eu( fod)a (0.35 equiv)  was s im i la r  t o  t h a t  o f  t he  m i x -  
ture produced uia hydroborat ion-ox idat ion (see m i x t u r e  A); t h e  
r a t i o  o f  exo,endo t o  exo,exo a lcohol  was 2.0: l .  
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7,7-Diphenyl-2,5-dioxabicyclo[4.2.0]octane ( l ) ,  7,7-diphenyl-2,5,8-trioxabicyclo[4.2.0]octane (Z) ,  a n d  i , 7 -d i -  
methyl-2,5,8-trioxabicyclo[4.2.0]octane (3) were shown t o  exist as cis-fused chairs. T h e  conformat ional  analyses 
were accomplished by a comb ina t ion  o f  E u ( f o d ) j  sh i f t  ra t ios a n d  the  B u y s  R method.  T h e  E u ( f o d ) j  was shown 
to  have n o  effect o n  the  conformat ion.  T h e  bicyclooctanes were synthesized th rough  the  photocyc loaddi t ion o f  
acetone, benzophenone, a n d  1, l -d iphenylethy lene to 1,4-dioxene. 

Buys2 and Lambert3 have developed methods for deter- 
mining the conformation of rigid six-membered ring sys- 
tems, containing heteroatoms in the 1 and 4 positions, by 

nmr. These methods relate the ratio of the average trans 
and cis vicinal coupling constants to the conformation. 

Slessor and Tracy4 have written a computer program, 
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Dihedral Angle Estimation by the Ratio Method 
(DAERM), for the conformational analysis of a 
CHRzCHzR system. This method is based on the assump- 
tion that the ratio of Karplus constants for the cis and 
trans dihedral angles is a constant (0.9). Conformational 
analysis of some four-membered-ring compounds gave re- 
sults consistent with those obtained by X-ray and dipole 
moment ~ t u d i e s . ~  

Simplification of complex spectra through the applica- 
tion of the shift reagent, Eu(fod)a, is an established tech- 
nique.6 Compounds with two binding sites have been 
dealt with by Williams, e t  aL7 They have shown that 
competition between sites can be detected by a plot of 
shift us. the molar ratio of shift reagent to substrate. 

These systems present the possibility of competition 
between various sites, some of which may be favored on 
steric considerations, others on electronic. 

The conformations of the dioxane portion of compounds 
1-3 were determined by Buys and Lambert’s methods and 
the conformation of the cyclobutane portion of 1 by 
DAERM. The coupling constants were obtained from the 
Eu(fod)3 shifted spectra and refined through the program 
NMRIT.8 

Results and Discussion 
The 60-MHz nmr spectra of compounds 1-3 are shown 

in Figure 1. The partial spectra for the oxetanes 2 and 3 

(0%; (j4IPh & Me 

H, Ph H, Ph H2 Me 
1 2 3 

consist of two doublets, for the bridgehead protons, and a 
complex four-spin pattern (ABCD) for the methylene pro- 
tons. The spectrum of the cyclobutane 1 is composed of 
two independent four-spin sets, an ABCD pattern for the 
dioxane methylene portion and a first-order pattern for 
the cyclobutane protons. The protons at 4.95 ppm in the 
spectra of 1 and 2 are assigned to H-2. The protons a t  5.53 
and 5.63 ppm are assigned to H-1 of compound 2 and 3, 
respectively; the remaining protons, compound 1, 4.2 
ppm, H-1, and compound3,4.22 ppm, H-2. 

The chemical shift difference between the A proton and 
the BCD envelop of the oxetanes 2 and 3 is attributed to 
the anisotropy of the oxetane ring. This difference is 25 
Hz for compound 2 in deuteriochloroform, increasing to 45 
Hz in hexadeuteriobenzene. These differences become 92 
and 165 Hz (Av/J, 8.4 and 15), respectively, a t  220 MHz; 
however, this system is too strongly coupled for the A pro- 
ton to become first order. The spectra of compounds 2 and 
3 were simplified through the addition of the Eu(fod)3 
shift reagent. 

The shifts of the bridgehead and methylene protons for 
compounds 1-3 were plotted against the molar ratio of 
Eu(fod)s to substrate. These plots gave straight lines, in- 
dicating that only one binding site was involved over the 
concentration range studied. Comparison of the slopes for 
H-1 and H-2 reveals that  oxygen-5 does not complex the 
Eu(fod)3, as expected in view of the steric hindrance of 
the R groups. C a ~ l e , ~  in a study of rigid bicyclic ethers, 
developed a model for the europium-ether complex in 
which europium lies in the C-0-C plane 3.0 A from the 
oxygen and equidistant from the carbons. The slopes of 
H-1 and H-4 for the cyclobutane 1 are consistent with this 
model (refer to A (1 and 2) and B for proton numbering sys- 
tem). However, for the oxetanes 2 and 3, the slopes for 
H-1 are greater than those for either H-3 or H-4. The 
binding site for oxetanes 2 and 3 apparently consists of 

a 

b 

T------ -_ 
563 495 2 5 8  

Figure 1. Partial 60-MHz nmr spectra: (a) 7,7-diphenyl-2,5-di- 
oxabicyclo (4.2 .O]octane ( 1) ; (b) 7,7-diphenyl-2,5,8-trioxabicy- 
clo[4.2.0]octane (2);  (c) 7,7-dimethyl-2,5,8-trioxabicyclo[4.2.0]oc- 
tane (3) .  

oxygen-2 and oxygen-8. While it is impossible from our 
data to differentiate between a bidentate complex, a, and 
the time average of two 1:1 complexes, b, a model in which 

.,ELI = ,ELI = Eu = 

a b 
the europium lies equidistant (3.0 A) from both oxygens 
and close to the intersection of the C-0-C planes of the 
oxetane and dioxane rings is consistent with the data. 

As a result of the synthetic method, the ring juncture in 
the bicyclo[4.2.0]octane systems may be either cis or trans 
(u ide  infra) .  A trans ring juncture would lock the six- 
membered ring into the twist-boat or chair conformers 
while either boat or chair conformers are possible with a 
cis juncture. 

Examination of Dreiding models of the complexes (vide 
supra) for the various conformations of the bicyclooctanes 
revealed that a trans ring juncture would require H-2 to 
have a greater shift than either H-3 or H-4. Since this was 
not observed in these systems, the trans ring juncture can 
be excluded. The band widths in the europium simplified, 
first-order spectra (25 and 16 Hz) demonstrate that  the 
dioxane rings exist in the chair conformation. 

In the 60-MHz spectra the BCD envelopes for com- 
pounds 1-3 are approximately 25 Hz wide; therefore, the 
chemical shift differences for these protons are less than 
25 Hz. After the addition of Eu(fod)3, these protons are 
separated by a t  least 25 Hz in the first-order spectra; 
therefore, the relative shift orders can be obtained direct- 
ly. The decreasing proton shift orders follow: cyclobutane 
1 (4, 3, 5, 6); diphenyloxetane 2 (3, 4, 5, 6); and dimethyl- 
oxetane 3 (5 ,3 ,4 ,6) .  

Correlation of these empirical shift orders and the 
slopes from a least-squares treatment of the chemical shift 
us. the molar ratio of europium reagent to substrate dem- 
onstrates that the cyclobutane 1 and the diphenyloxetane 
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Table I 
NMRIT Refined Coupling Cons tan ts  for Compounds  1-3 

,---- ________-- Coupling constants, 
Compd 12 L 7  1,s 2 . 7  2 , s  394 3,5 3,6 43 4,6 6,6 

1 3.66a 7 . 7 "  6.74" 0.0" -3.7W -12.36 9 .68  2.15 2 .11  1 .34  -12.15 
2 -12.39 10.85 2.36 2 .41  2.34 -12.08 
2b 4 .O -11.61 11.0 1 .73  2.45 2.11 -12.14 
3 4 .O -11.43 11.53 2.22 2.27 0.95 -12.20 

a Confirmed by spin decoupling, J7,* = - 10.96 Hz. Calculated for uncomplexed diphenyloxetane 2 .  

2 exist as the frozen chair conformer A and the dimethyl- 
oxetane 3 exists as the alternate conformer B. 

Ph Ph Me Me 
\ ,  

Table I1 
Calculated Ring  Dihedral Angles (O-CH2-CH2-O) 

for Compounds  1-3 by Buys' R Method 
ComDd R Dihedral angle. dea 

A 
1, X = CH, 
2 , x = o  

B 

The assumption that Eu(fod)a will not affect the cou- 
pling constants is an accepted practice.6 However, it was 
desired to demonstrate this by calculating the spectrum of 
the diphenyloxetane 2 in the absence of europium reagent. 
The (NMRIT8) refined values of the coupling constants 
from the europium-shifted spectra of 2 were used as input 
and the chemical shifts were adjusted by trial and error. 
The calculation was performed for the 220-MHz spectrum 
of 2 obtained in deuteriochloroform (Figure 2 ) .  The iterat- 
ed solution approximates the experimental spectrum. The 
refined and calculated coupling constants are given in 
Table I. 

A difference in the coupling constants obtained for the 
diphenyloxetane 2 from the europium-shifted spectrum 

a 

b 
Figure 2. Partial 220-MHz nmr of 7,7-diphenyl-2,5,8-trioxabicy- 
clo[4.2.0]octane (2): (a) calculated; (b) experimental in CDC13. 

l a  
2 
2b 
3 

2.59 
2.79 
2 .a2 
2.78 

60 
61 
62 
61 

a A cyclobutane dihedral angle of 19' was calculated by 
the Slessor and Tracy method: w = 127.6', K / K '  = 0.9. 
b 220-MHz spectrum of diphenyloxetane 2 .  
and by calculation is evident in Table I. This deviation 
between solutions is believed to be a reflection of the pre- 
cision of the method owing to inaccuracy in determining 
line positions in the experimental spectra. The main 
sources of the error are broadening by europium and hid- 
den lines in the 220-MHz spectrum. 

While the coupling constants calculated for the uncorn- 
plexed 220-MHz spectrum and the europium-shifted spec- 
trum of the diphenyloxetane 2 differ by as much as 0.6 Hz 
for the axial-equatorial coupling constant, the dihedral 
angles obtained from the Buys R method (Table 11) differ 
only by the nominal value of one degree. Therefore, con- 
formational insensitivity to the europium reagent has 
been confirmed for this system. 

The conformation of the cyclobutane 1 is shown by la. 
Ph 

la 
The Karplus constant calculated by DAERM for the ring 
juncture in the cyclobutane is 4.41 Hz. Solution of the 
Karplus equation using this value gives a dihedral angle of 
9.9" for the oxetanes. However, the variation of the Kar- 
plus constant with electronegativity and orientation of 
substituents has been established.1° This variation is 
demonstrated in the cyclobutane by a Karplus constant of 
4.41 Hz for the HI-C-C-HZ dihedral angle and 8.97 Hz for 
the HI-C-C-H, dihedral angle. Since it is impossible to 
estimate the effect of the oxetane oxygen on the Karplus 
constant for the Hl-C-C-Hz dihedral angle, the value of 
9.9", calculated with a Karplus constant of 4.41 from the 
cyclobutane, is a qualitative estimate a t  best. I t  has been 
shown that oxetanes have a greater tendency for planarity 
than cyc1obutanes;ll therefore, the cyclobutane dihedral 
angle of 19" is probably a reasonable upper limit for the 
dihedral angle in the oxetanes. 

Stereospecifkity. The photocycloadditions of benzo- 
phenone, 1,l-diphenylethylene, and acetone to olefins 
have been examined.12-l4 

The intermediacy of the triplet state of benzophenone 
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in the Paterno-Buchii reaction has been established.12 In 
addition Serve has shown by quenching experiments that 
the triplet state of 1,l-diphenylethylene is involved in the 
formation of 7,7-diphenyl-2-oxabicyclo[4.2.0]octane.13 
However, the expected mixture of cycloadducts with cis 
and trans ring junctures was not obtained in the present 
cases. 

Turro, e t  u1.,l4 have shown that singlet as well as triplet 
mechanisms may operate in oxetane formation from ace- 
tone and enol ethers. Thus, the cis-fused 7,7-dimethyl- 
2,5,8-trioxabicyclo[4.2.0]octane (3) could be explained by 
a singlet mechanism, However, the factors which resulted 
in the isolation of only cis-fused 6:4 ring systems, by an 
apparent triplet mechanism, are not clear. Examination 
of the crude reaction mixtures did not reveal the presence 
of additional isomers. 

Summary. The bicyclooctanes 1-3 have been shown to 
be amenable to europium shift reagent simplification and 
the coupling constants have been calculated by the pro- 
grams NMRIT and NMRENla8 The presence of the phenyl 
substituent in the 7 positions of 1 provides sufficient steric 
hindrance to cause preferential complexation with the oxy- 
gen in the 2 position. 

The anticipated distortion15a of the six-membered ring 
in a cis-fused 6:4 system is demonstrated by an R value 
range of 2.6-2.8, whereas a trans-fused ring would be ex- 
pected to have R values less than 2.2O.l5b 

Lambert's and Buys' methods have been applied to 
fused 6:4 ring systems16 and in conjunction with Eu(fod)s 
shift data demonstrate the absolute conformation of these 
bicyclooctanes. 

Experimental Section 
General. Photolyses were conducted in an immersion well reac- 

tor with a 450-W Hanovia medium-pressure mercury lamp fitted 
with a Pyrex filter sleeve and in a Srinivasan-Griffin reactor. The 
reactions were run with a nitrogen sweep. The nitrogen was bub- 
bled through a vanadyl sulfate solution to remove 0 ~ y g e n . l ~  

The nmr spectra were determined on Varian Associates A-60, 
HA-100, and HR-220 MHz spectrometers. The spectra were de- 
termined in deuteriochloroform or hexadeuteriobenzene with tetra- 
methylsilane as an internal standard. Infrared spectra were de- 
termined with a Perkin-Elmer 337 grating infrared spectrometer 
on chloroform solutions or KBr disks. Elemental analyses were 
performed by Galbraith Laboratories, Knoxville, Tenn., and 
Micro-Analysis, Inc., Wilmington, Del. All melting points are un- 
corrected. Eu(fod)s was purified by sublimation and transfers 
were made in a nitrogen atmosphere. The theoretical calculations 
were performed on IBM 370-165 and IBM 360-70 computers. 

Synthesis of 7,7-Diphenyl-2,5-dioxabicyclo[4.2.0]octane ( 1 ) .  
Dioxene (1.025 g, 0.012 mol) and 1,l-diphenylethylene (2.115 g, 
0.012 mol) were dissolved in 50 ml of thiophene-free benzene and 
irradiated at  3000 A in a Srinivasan-Griffin reactor for 69.5 hr. 
The solvent was removed under vacuum on a rotary evaporator 
and the residue was chromatographed on a 20 X 3 cm column 
containing 20 g of silica gel. The column was eluted with 50 ml of 
low-boiling petroleum ether-benzene (3:1), 50 ml of benzene, and 
50 ml of benzene-chloroform (3 : l )  t o  yield a tacky white solid 
which sublimed a t  80" (0.1 mm), giving 0.3 g (10% yield) of 1: mp 
83.5-84.5"; ir (KBr) 3048, 3030, 2985, 2959, 2907, 2849, 1594, 1490, 
1447, 1389, 1370, 1284, 1250, 1235, 1163, 1149, 1136, 1093, 1070, 
1001,943,893,774,876,844,704,650, and 617 cm-l .  

Anal. Calcd for C18H1802: C,  81.20; H, 6.77; mol wt, 254. 
Found: C, 81.29; H, 6.93; mol wt, 256 (benzene). 

Synthesis of 7,7-Diphenyl-2,5,8-trioxabicyclo[4.2.0]octane 
(2). Dioxene (3.174 g, 0.037 mol) and benzophenone (6.67 g, 0.037 
mol) were dissolved in 600 ml of thiophene-free benzene. The so- 
lution was irradiated in a Hanovia immersion well photoreactor 
fitted with condenser and nitrogen sweep for 34 hr (92% consump- 
tion of dioxene by glc). The solvent was removed under vacuum 
on a rotary evaporator, yielding 7.443 g (82%) of 2 as white crys- 
tals. The solid was recrystallized from chloroform and then from 
ethyl acetate: mp 145-146"; ir (KBr) 3049, 3030, 2985, 1594, 1488, 
1447, 1399, 1379, 1294, 1269, 1235, 1160, 1087, 1044, 1001, 928, 870, 
793,769,749,723,707,694,658, and 641 cm-l .  

Anal. Calcd for C17Hla03: C, 76.12; H, 6.01. Found: 76.05; H, 
6.12. 

Synthesis of 7,7-Dimethyl-2,5,8-trioxabicyclo[4.2.0]octane 
(3). A solution of dioxene (2.12 g, 0.25 mol) in 600 ml of reagent- 
grade acetone was placed in the immersion well photoreactor fit- 
ted with a condenser and nitrogen sweep. The mixture was irra- 
diated for 5 days. The acetone was removed under vacuum on a 
rotary evaporator and the product was distilled to give a clear, 
colorless liquid which solidified in the receiver: bp 44" (1.0 mm);  
yield 2.36 g (66%); ir (CHCl3) 2985, 2963, 2933, 2874, 1455, 1404, 
1381, 1368, 1297, 1282, 1259, 1223, 1170, 1146, 1108, 1042, 995,976, 
946,926,909,879, and 844 cm-l.  

Anal. Calcd for C~H1203: C, 58.33; H, 8.33; 0, 33.33. Found: C, 
57.96; H, 8.27; 0, 33.31. 
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