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Benzonitrile oxide, 2-diazopropane, and diphenylnitrilimine react smoothly at the unsubstituted double bond 
of 2,3-dichloro-, 1,2,3,4-tetrachloro-, 1,2,3,4,7-pentachloro-, and 1,2,3,4,7,7-hexachloronorbornadiene to give mixtures 
of syn and anti adducts. The sole syn adduct is formed in the reaction of 2-diazopropane with norbornadiene. 
Structures were attributed on the basis of spectroscopic ('H NMR) and chemical evidence. Competition experiments 
allowed us to evaluate the relative reactivities of the anti face of the polychloronorbornadienes in the reaction 
with 2-diazopropane. The results are discussed on the basis of steric and electronic effects of the chlorine atoms 
of the dipolarophiles. 

The study of syn-anti isomerism in 1,3-dipolar3 and 
Diels-Alder4 cycloadditions has recently raised consider- 
able interest for its theoretical and synthetic aspects. It 
has been shown that norbornene exhibits 100% syn se- 
lectivity in the reaction with dienes5 and 1,3-dipole~.~ A 
100% syn selectivity was also observed for some reactions 
of norbornadiene with both and 1,3-dip0les;~J 
in several instances, however, mixtures of syn (domi- 
nant)/anti adducts were detected6yg (see Figure 1). The 
prevalent formation of anti-syn adduct was observed in 
the reaction of 7-tert-butoxynorbornadiene with phenyl 
azidelO and hexachlorocyclopentadiene.gJ1 MO calcula- 
tions" (MIND0/2) on 7-methoxynorbornadiene have 
shown that the HOMO of this diene is largely ~ 2 , 3 .  This 
data accounts for the observation from kinetic experi- 
ments, where 7-tert-butoxynorbornadiene and nor- 
bornadiene were reacted with hexachlorocyclopentadiene, 
that the substituted dienophile, although 10 times less 
reactive than norbornadiene, underwent anti addition to 
~ 2 , 3  a t  a rate ca. 65-90 times faster than the unsubstituted 
dienophile." This means that cycloadditions governed by 
the interaction LUMO (1,3-dipole or diene)-HOMO 
(norbornadiene) such as those reported go through an anti 
attack on the C2-C3 double bond of 7-substituted nor- 
bornadienes. (Indeed the syn-methylene attack on T ~ , ~  is 
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Table I. Syn-Anti Isomer Ratios in the Cycloadditions 
of BNO (2), DPNI (5), and D P  (8) to Compounds la 

dipolar- isomer ratios 
oDhile svn-3:anti-4 svn-6:anti-7 svn-9:anti-10 

l a  b C d 
lb b C d 
IC 40.5:59.5 16:84 61.5:38.5 
I d  83:17 76:24 98.8:1.2 
l e  82.5:17.5 93.5:6.5 e 

The results are the average of three runs. 100% 
anti-4. 100% anti-7.  100% anti-10. e 100% syn-9. 

Scheme I 

1 - 
a :  X = Y Z = C l  
b :  X=H; Y=Z=Cl 
c :  X = Z = C l ;  Y=H 
d :  X=Y=H; 2 x 1  
e :  X=Y=Z=H 
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8 9 1c - - - 
prevented by steric shielding of the 7-tert-butoxy group.) 

Cycloadditions which are HOMO (1,3-dipole)-LUMO 
(norbornadiene) controlled are less documented. Diazo- 
methane and diazoethane add to 7-halonorbornadienes, 
yielding the sole anti-anti adduct in moderate yield;13 
reaction of diphenyldiazomethane with 7-chloronor- 
bornadiene gives a mixture of three adducts [syn-anti 
(26%), anti-anti (58%), and anti-syn (16%)] with a slight 
prevalence of the anti-anti isomer.15J6 Because no kinetic 

(13) M. Franck-Neumann and M. Sedrati, Angew. Chem., Int. Ed. 

(14) P. V. Alston and R. M. Ottenbrite, J.  Heterocycl. Chem., 14,1443 
Engl., 13, 606 (1974). 

I 1  Q77\ ~ - - .  . ,. 
(15) J. W. Wilt and W. N. Roberts, J. Org. Chem., 43, 170 (1978). 
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a n t  i - a n t  i anti - sy” -- a n t i  - 
Figure 1. 

Table 11. ‘H NMR [S(CDCl,)] Data  and (in Parentheses) 
a6 Values [S(CDCl,) - S(C,D,)] of  Compounds  3 and 4 

H-2 H-6 H-lOy H-lox J,.,‘ Jz.loxc 
3c 5.18 4.46 4.60 9.0 

4c 5.33 4.58 4.48 9.0 
(0.68) (1.01) (0.10) 

(0.67) (1.00) (1.22) 
3d 5.06 4.33 2.76 2.41 10.0 2.0 

(0.53) (0.83) (0.35) (0.66) 
4d  5.48 4.58 2.61 2.41 10.0 

(0.67) (0.81) (1.01) (0.81) 
3ea 5.10 4.01 1.91 1.66 8.0 1.5 

(0.40) (0.63) (0.58) (0.33) 

(0.68) (0.92) (0.80) (1.00) 
4a  5.50 4.80 8.5 

(0.49)  (0.72) 
4b 5.55 4.78 4.18 8.5 

4eb 5.46 4.20 2.01 1.51 9.0 

(0.47) (0.68) (1.12) 

a 6 3.28 (0.42) (H-1, J,,2 = 1.5 Hz), 3.11 (0.50) (H-7). 
6 3.43 (0.60) (H-1, J,,2 = 4.0 Hz), 3.43 (0.75) (H-7). 
‘ J in Hz. 

data are available for these reactions, the electronic effect 
of the substituent at the 7-position on the activation of the 
anti face of “5.6 or on deactivation of the unhindered sites 
of attack (e.g., syn-methylene attack on H5,6 and anti attack 
on ~ 2 , 3 )  cannot be evaluated. The present study reports 
data on the cycloadditions of various 1,3-dipoles to poly- 
chloronorbornadienes. The influence of a chlorine atom 
at  the 7-position of a norbornadiene system on syn-anti 
isomerism and the reactivity of the dipolarophile has been 
evaluated. 

Results 
Benzonitrile oxide (BNO, 2), diphenylnitrilimine (DPNI, 

5), and 2-diazopropane (DP, 8) reacted smoothly with 
polychloronorbornadienes 1, at  room temperature, to give 
adducts 3, 4,6, 7,9, and 10, respectively, in quantitative 
yield. Isomer ratios were evaluated by column chroma- 
tography and, in some cases, were confirmed by VPC 
analysis (Table I and Scheme I). 

The structures were assigned on the basis of ‘H NMR 
spectra whose characteristic patterns are illustrated by the 
data of adducts 3 and 4 reported in Table 11. 

The aromatic solvent-induced shift on H-lOY allowed 
one to choose between adducts 3c, 6c, and 9c and adducts 
4c, 7c, and 1Oc. As a matter of fact, the signal corre- 
sponding to H-lOy was practically unaffected in the spectra 
of the former compounds while it was shifted to higher 
field (- 1.0 ppm) in the spectra of the latter compounds 
on changing CDC13 for CdID,. The syn-disposed heterocycle 
in 3c, 6c, and 9c prevents solvation of such a proton. 

A long-range coupling constant (- 1.5-2.0 Hz, “W” 
coupling path) between H-lox and H-2 (or H-6) was 
present in the NMR spectra of 3d, 6d, and 9d and absent 

(16) In the reaction of diphenyldiazomethane with ‘I-tert-butoxynor- 
bornadiene the anti-anti isomer is a minor component (26%): J. W. Wilt 
and D. R. Sullivan, J. Org. Chern., 40, 1036 (1975). 
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Table 111. Partial Ra te  Fac tors  fo r  Addition of 
2-Diazopropane to t h e  C,-C, Double Bond of  

Norbornadienes 1 and to Norbornadienea 

cycloaddition side 

syn-  anti-  
dipolarophile methylene methylene 

norbornadiene 1 <0.01 
l a  <0.01 11.6 
l b  <0.01 1.9 
I C  4.2 2.6 
I d  8.4 0.1 

a At 20 “C in diethyl e ther  solutions. The values are  
the  average of three runs. 

in the spectra of 4d and 7d, as expected for the assigned 
structure. The long-range “W” coupling constant was also 
absent in the NMR spectra of all cycloadducts derived 
from lb; structures 4b, 7b, and 10b were consequently 
confirmed. Finally, the anti structure attributed to com- 
pounds derived from l a  was also based on the following 
chemical evidence: (i) Zn/ AcOH reduction of compound 
4a gave a mixture of 4b and 4c; (ii) a similar reduction of 
adduct 1Oa and subsequent oxidation of the crude reaction 
mixture (most seemingly acetylpyrazolidines) with a 
methanolic solution of AgzO yielded a mixture of com- 
pounds 1Oc and 1Od. 2-Diazopropane reacted readily with 
norbornadiene to give, in high yield, the sole syn adduct 
11: NMR (CDC13) 6 4.87 (dt, 1 H, H-1, J z , 6  = 6.3 Hz and 
J1,2 = J2,l~mti = 1.4 Hz) (Scheme 11, in the same scheme 
are also reported the known results of cycloadditions of 
BNO” and DPNIGb to norborandiene). 

For the evaluation of the relative reaction rates of 
norbornadiene and dipolarophiles la-d with 2-diazo- 
propane, binary mixtures of l a  with lb, IC, Id, and nor- 
bornadiene, respectively, were treated with a deficiency 
of 1,3-dipole. We were able to evaluate the relative rates 
of cycloaddition with the following equation (where Dip 
= dipolarophile): 

In [Dipllinitia~ 
RDipl [Di~~lfinal 
RDip2 [DipZlinitial 

[Di~~lfinal 

- Rrel = - - 
In 

The values in Table I and the kinetic data permitted one 
to evaluate the partial rate factors (Table 111) for syn and 
anti cycloaddition of 2-diazopropane to compounds la-d; 
the syn addition rate per double bond of norbornadiene 
was chosen as a standard value. 

In order to discuss the relative syn reactivity of IC and 
Id, we need to know their geometrical structure. MIN- 

(17) R. Lazar, F. G. Cocu, and N. Barbulescu, Reu. Chirn. (Bucharest), 
20, 3 (1969); Chern. Abstr., 70, 11341 (1969). 
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x y H  

- 4 c :  x = Cl 
4 2 :  X = H 

Figure 2. 

Table IV 
Dihedral Andes (deg)  be tween Least-Sauares Planes 

s t ruc ture  $ 1  @* 

4Cl" 117.8 130.6 
4% 117 .7  127 .2  
4d 120 .3  1 2 6 . 4  

Average Deviation (A  ) f rom Least-Squares Planesb 

plane 

s t ruc ture  1 2 3 
4 c l  0 .008  0.003 0.001 
4c2 0.009 0.005 0.009 
4d 0 .008  0.013 0.005 

a Subscripts refer to t h e  t w o  independent  molecules in 
the  asymmetr ic  units.  Plane 1 :  C,-C,,-C,; plane 2 :  
C,-C,-C,-C,; plane 3 :  C,-C,-C,-C,. 

D0/2  calculations show that the methylene bridge in 7- 
methoxynorbornadiene is deflected ea. 1.5' away from 
vertical plane through C1-CI toward ~ 2 , 3  due to the re- 
pulsion between the substituent and x5,6.12 In order to 
ascertain a possible similar change in the geometry of IC 
in comparison to Id, we performed X-ray analysis of 
compounds 4c and 4d (Figure 2) which, in our opinion, are 
suitable models for IC and Id. The relevant data are 
reported in Table IV. 

The data of Table IV confirm that the 10-anti-chlorine 
atom in 4c increases the geometrical distortion of the 
methylene bridge away from plane 3 toward plane 2, al- 
ready present in 4d. Therefore, it is likely that a similar 
structural change on passing from Id to IC results in a 
higher steric shielding of the syn face of ~ 2 . 3  for the latter 
compound in comparison to the former. 

Discussion 
The reactivity trend of the anti face of compounds la-d, 

as evidenced by the data reported in Table 111, agrees with 
the expectation that cycloadditions of the electron-rich 
1,3-dipole DP 8 to compounds 1 are governed by the 
HOMO (DP)-LUMO (dipolarophile) interaction. There- 
fore, the increase in reactivity of the anti face on going from 
Id to la may be considered a consequence of the parallel 
decrease in the LUMO energy of dipolarophiles. In fact, 
perturbation theory states that the energy of interaction 
increases with a decrease in the energy separation between 
the interacting orbitals.l8 Interestingly, pentachloronor- 
bornadiene IC, with a chlorine atom located in the 7-anti 
position, is more efficient than the isomer lb in promoting 
an anti attack to ~ 2 , 3 .  This result seems to indicate that 
the effect of the 7-anti substituent not only is inductive 
in origin but also bears a stereoelectronic component. A 

~ ~ ~ ~ _ _ _ _ ~  ~~ ~ 

(18) Reference 3, p 395; M. J. S. Dewar, "The Molecular Orbital 
Theory of Organic Chemistry", McGraw-Hill, New York, 1969, pp 
191-247. 

@ c e  ok 6 -  

Figure 3. 

Table V. AAG* ( AG*anti - AG*wn)a of the Reac t ions  of 
1,3-Dipoles 2, 5, and  8 with IC and I d  at 20 "C 

1,3- A A G ' p  - 
dipole IP,, e V  AAG*lc AAG*ld A A G  lc 

2 8.9 a n d  10.!jb -0.23 0.94 1 .17  

8 7.gd 0.28 2 .61  2 .33  

MINDO/2 fo r  formonitrilimine.26b E ~ p e r i m e n t a l . ' ~  

5 9.3c -0.98 0.68 1.66 

a In  kcal mol- ' .  Estimated f rom 

plausible explanation of this fact lies in the v u *  inter- 
action, first proposed by Fran~k-Neumann'~ (Figure 3), 
which permits the accommodation of the partial negative 
charge arising on the dipolarophile moiety in the oriented 
complex, with the 1,3-dipole attacking from the anti- 
methylene side of IC. This effect may not be at work in 
the 7-syn-substituted derivative lb.19 However, it should 
be noted that the difference in the rates for anti addition 
on IC and l b  is small if compared to the specificity re- 
ported for the reaction of 7-chloronorbornadiene with 
diazomethane and diazoethane13 but in agreement with the 
result of cycloaddition of diphenyldia~omethane.~~~~~ 

Concerning the syn-anti selectivity, Table I and Scheme 
I1 show that isomer ratios found for compounds Id and 
le are very similar to those of norbornadiene. Substituents 
in positions 1, 2, 3, and 4 of 1 therefore do not affect 

(19) Another effect which may lower the reaction rate of DP (8) with 
l b  is the increase in nonbonded interactions between the 7-syn-chlorine 
with H-2 and H-3 in the transition state." This unfavorable steric factor 
is difficult to estimate due to a lack of precise knowledge of the transi- 
tion-state structure (reactant-like or product-like) for 1,3-dipolar cyclo- 
additions. However, an early transition state (reactant-like) was recently 
proposed on the basis of both experimentalm and LCAO-SCF-MO cal- 
culationsZ1 for these cycloadditions, and, consequently, the above-cited 
steric effect should not appreciably influence the anti reactivity of lb  in 
comparison to IC. 

(20) (a) R. Huisgen, Angeu, Chem., Int. Ed. Engl., 2,633 (1963); (b) 
J. Geittner, R. Huisgen, and H. U. Reissig, Heterocycles, 11,109 (1978). 

(21) G. Leroy and M. Sana, Tetrahedron, 32, 709 (1976). 
(22) Wilt and Roberts suggest that, while the diazomethane-7- 

chloronorbornadiene reaction is controlled by a HOMO (1,3-dipole)- 
LUMO (dipolarophile) interaction, both frontier molecular orbital in- 
teractions need to be considered for the reaction of diphenyldiazomethane 
with the same dipolarophile. We do not agree with this suggestion as 
kinetic data [R. Huisgen and G. Geittner, Heterocycles, 11, 105 (1978)] 
clearly show that the diphenyldiazomethane-norbornene reaction is 
controlled by the sole HOMO (1,3-dipole)-LUMO (dipolarophile) inter- 
action. It is therefore quite reasonable to think that the reaction of 
diphenyldiazomethane with 7-chloronorbornadiene is governed by the 
same type of interaction. 

(23) The decreasing nucleophilic character of 1,3-dipoles (dimalkanes 
> DPNI > BNO) is also supported by a large amount of experimental 
data [see the following: ref 3 and 20b; J. Geittner and R. Huisgen, 
Tetrahedron Lett., 881 (1977); E. Stephan, Bull. SOC. Chim. Fr., 364 
(1978)l. Estimated values for the HOMO energies of BNO (10.0 eV) and 
DPNI (7.5 eV)*' confirm that the latter 1,3-dipole is more nucleophilic 
than the former. 

(24) K. N. Houk, J. Sims, C. R. Watts, and L. J. Luskus, J. Am. Chem. 
SOC., 95, 7301 (1973). 
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significantly the syn-anti selectivity whereas with a 7- 
syn-chlorine (Y = C1) a 100% ant i  selectivity is found. 
This anti selectivity obtained both with la and l b  may be 
attributed mainly to the steric shielding on the syn- 
methylene side by  the 7-syn substituent. 

Noteworthy is the observed decrease in  syn reactivity 
on  going from Id to IC (Table 111). In  our opinion, this 
behavior may be attributed, at least in part, to the higher 
deflection of the methylene bridge toward the ~ 2 , 3  bond 
in IC with an increase in steric shielding of its syn face in 
comparison to Id. The correlations of syn-anti ratios and 
activation free energies for reactions of 1,3-dipoles 2,5, and 
8 with IC and ld were evaluated and summarized in Table 
V. The correlation between the difference AAGlld - 
AAGll, and the donor character of the 1,3-dipoles ex- 
pressed by  the ionization potential (IP,) is apparent. 2- 
Diazopropane (8), for example, the 1,3-dipole that is the  
best electron donor (IP, = 7.9 gives the maximum 
value (2.33 kcal/mol) whereas the minimum value (1.17 
kcal/mol) was found for benzonitrile oxide (2) which 
possesses the highest IP, values (8.9 and 10.5 eVLZ6 The 
IP, values indicate a stronger HOMO (1,3-dipole)-LUMO 
(dipolarophile) interaction for the DP-ld reaction than 
for the BNO-ld reaction. Consequently the change in this 
FMO interaction (due to a lowering of the LUMO dipo- 
larophile) is higher on passing from the DP-1d to the  
DP-lc reaction than from the BNO-ld to the BNO-lc 
reaction, and this is in agreement with the higher differ- 
ence, AAGlld - AAGlIc, found for DP than for BNO. It 
appears, therefore, with regard t o  electronic effects, that 
both reactivity and syn-anti selectivity are controlled, for 
all reactions studied, by  the HOMO (1,3-dipole)-LUMO 
(dipolarophile) interaction. Nevertheless, i t  is strange in 
this framework that DP reacted with IC to give a lower 
an t i / syn  ratio than did BNO and  DPNI. In  view of the  
high steric requirements of DP, it is tempting to propose 
as an explanation for this anomaly a higher steric shielding 
of the an t i  face than the syn face of ~ 2 , 3  in IC. Conse- 
quently, the same steric effect, which favors syn-methylene 
attack, should also be at work in the reactions of 1,3-dipoles 
with Id and  norbornadiene. 

Experimental Section 
Compound la was purchased from Aldrich; all 1S-dipoles and 

dipolarophiles lb,n I c , ~  and leB were prepared by standard 
methods. NMR spectra were recorded on a Varian A-60 spec- 
trometer (Me& as internal standard); microanalysis were per- 
formed on a Carlo Erba analyzer, Model 1106. All compounds 
gave satisfactory elemental analysis (f0.3%). Reaction mixtures 
were analyzed by TLC on silica gel GFZs4, and the spots were 
detected under a UV lamp or by spraying with a 3% solution of 
chromic anhydride in sulfuric acid (50%) followed by charring 
at 120 "C. 

Reactions of la-e  with Diphenylnitrilimine and Benzo- 
nitrile Oxide. To a solution of la,  -b, -c, -d, or -e (10.0 mmol) 
and (a-chlorobenzylidene)phenylhydrazine or benzhydroximic acid 
chloride (3.0 mmol) in ether (50 mL) was added a stoichiometric 
amount of triethylamine in ether (20 mL) over a period of 2 h 
with stirring. The mixture was left at room temperature for 24 

(25) E. Heilbronner and H. D. Martin, Chem. Ber., 106,3376 (1973). 
( 2 6 )  (a) J. Bastide, J. P. Maier, and T. Kubota, J. Electron Spectrosc. 

Relat. Phenom., 9, 307 (1976). The first IP (8.9 eV) involves ionization 
from an orbital which is mostly localized on the phenyl ring while the 
higher one (10.5 eV) results from an orbital which is mainly localized on 
the CNO group: K. N. Houk, P. Caramella, L. L. Murchausen, Y.-M. 
Chang, A. Battaglia, J. Sims, and D. C. Kaufman, ibid., 10, 441 (1977). 
(b) P. Caramella, R. W. Gandour, J. A. Hall, C. G. Deville, and K. N. 
Houk, J. Am.  Chem. Soc., 99, 385 (1977). 

(27) P. R. Adams and D. I. Davies, J. Chem. SOC., Perkin Trans. I ,  
2012 (1974). 

(28) L. Schmerling, US. Patent 2914571, Nov 24 (1959); Chem. 
Abstr., 54, 75891' (1960). 

Table VI. Physical Data for Compounds 3-11 

compd cryst solvent mp, "C 
3c EtOH" 195-197 

3e EtOHb 139-141 
4a EtOHb 157-159 

3d petroleum etherb 155-157 

4b petroleum etherb 145-147 
4C petroleum etherb 125-127 
4d petroleum etherb 94-96 
4e EtOH' 156-158 
6c ethyl acetateaic 150-152 
6d EtOHa*C 137-138 
6e ethyl acetatebic 111-113 

l b  ethyl acetateb 144-146 
7C ethyl acetateapc 142-144 
7d EtOHbVC 143-145 
l e  Et OH", 139-141 

EtOH" 161-162 9c 
121-123 9d EtOHa 

9e petroleum ether" 87-88 
10a EtOH" 125-128 
10b EtOH" 113-114 
1Oc EtOH" 133-135 
10d EtOH" 125-126 

l a  EtOHb,' 152 

11 yellow oil 114 (20 mmHg)d 
Compound a Compound recrystallized as needles. 

Boiling point. 
recrystallized as prisms. 

h and then poured into water. The organic layer was separated, 
dried, and evaporated to give a residue which was column chro- 
matographed with ethyl acetatecyclohexane (1:4) as eluent. In 
all cases the syn isomer was eluted as the first component. 
Physical data of the compounds are reported in Table VI. 

Reactions of la-e and  Norbornadiene with 2-Diazo- 
propane. A solution of 2-diazopropane and excess of la, -b, -c, 
-d, -e, or norbornadiene in ether was allowed to stand at  room 
temperature until the orange color of the diazoalkane disappeared. 
The solvent was evaporated, and column chromatography of the 
residue (ethyl acetate-cyclohexane, 1:4) afforded compounds 9, 
10, and 11 (Table VI, Schemes I and 11) in almost quantitative 
yield. The syn isomer was always eluted as the first component. 

Reduction of Adduct 4a. A mixture of 4a (500 mg), acetic 
acid (80 mL), and zinc dust (6 g) was refluxed with stirring for 
24 h and then poured into water, neutralized with sodium car- 
bonate, and extracted with ether. The ether extracts were dried 
and evaporated in vacuo to give a residue from which 4b (10%) 
and 4c (5%) were isolated by column chromatography. 

Reduction of Adduct loa. 10a (500 mg) was reduced with 
zinc dust as described above. To a solution of the residue, from 
evaporation of the ether extracts, in methanol was added Ag20 
(2.5 g), and the mixture was refluxed under stirring for 24 h. After 
the usual workup, column chromatography afforded 10d (20%) 
and 1Oc (15%). 

Competition Reactions. To a solution of la (3.0 mmol), l b  
(3.0 mmol), and pentachlorobenzene (1.5 mmol) in anhydrous 
ether (30 mL) was added a deficiency of 8 (in ether, 2 M) at 20 
k 1 "C. The reaction mixture was allowed to stand at 20 f 1 "C 
until the orange color of the diazoalkane disappeared. The ether 
was then evaporated under reduced pressure, and the amount 
of unreacted la and l b  was determined by 'H NMR with pen- 
tachlorobenzene as internal standard. Similarly, other competition 
experiments were performed by using binary mixtures of l a / l c  
and l a / ld .  

In the competition reaction of norbornadiene and la (101) the 
amounts of unreacted l a  and of cycloadduct 11 were determined 
by VPC (3% OV-17 column, 80 "C) with pentachlorobenzene as 
internal standard. The results were evaluated according to Hu- 
isgen et al.29 taking as unreacted norbornadiene the value [initial 
norbornadiene] - [ 111. 

Compound was yellow-green. 

(29) K. Bast, M. Christl, R. Huisgen, and W. Mack, Chen .  Ber., 106, 

(30) C. K. Johnson, "ORTEP 11", Report ORNL-3794, Oak Ridge 
3312 (1973). 

National Laboratory, Oak Ridge, TN, 1971. 
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After three cycles of isotropic full-matrix least-squares re- 
finement, R fell to 12.3% (4c) and to 4.3% (4d) (only reflections 
with I > 3 0 ( 4  were regarded as observed). 

Positional parameters for H atoms were calculated on the basis 
of geometrical considerations and checked on difference Fourier 
maps; they were inserted but not allowed to vary in two cycles 
of anisotropic refinement. The H atom positional parameters were 
then recalculated and used in one further cycle of anisotropic 
refinement, which yielded R = 5.8% (4c) and 4.3% (4d) for the 
observed reflections. 

Scattering factors were taken from the l i t e r a t ~ r e . ~ ~  Positional 
and thermal parameters for nonhydrogen atoms as well as bond 
distances and angles, torsion angles, and lists of structure factors 
are available as supplementary material. 
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Figure 4. ORTEP perspective view30 of compounds 4c (a) and 4d 
(b). Thermal elliposids are drawn at 20% probability. 

X-ray Analysis and St ruc ture  Determination of Com- 
pounds 4c and 4d. ORTEP perspective views of compounds 4c 
and 4d are given in Figure 4. The followin data were obtained. 
4c: Cl4H8NOCl5, triclinic, a = 11.426 (1) 1, b = 13.136 (1) A, c 
= 11.208 (1) A, a = 105.0 (l)’, 0 = 94.7 (l)’, y = 102.5 (l)’, space 
group Pi, 2 = 4 [Mo K a  radiation (A = 0.7107 A)]. 4d: C14- 
H&OC&, monoclinic, a = 16.368 (1) A, b = 10.858 (1) A, c = 8.302 
(1) A, p = 94.2 (I)’, space group R 1 / n ,  Z = 4 [Mo Ka radiation 
(A = 0.7107 A)]. 

X-ray structure investigation was performed for both com- 
pounds by using a Philips PW 1100 four-circle computer-controlled 
diffractometer. Intensity measurements were made with w/20 
(4c) and w (4d) scan techniques in a 0 range of 2-20’, yielding 
2918 (4c) and 1356 (4d) independent reflections. Both sets of 
intensities were corrected for Lorentz and polarization factors 
but not for absorption. 

The structures were solved by direct methods using the WTAN 
78 computer system.31 

(31) P. Main, S. E. Hull, L. Lessinger, G. Germain, J. P. Declercq, and 
M. M. Woolfson, “MULTAN 78. A System of Computer Programs for 
the Automatic Solution of Crystal Structures from X-ray Diffraction 
Data”, Universities of York and Louvian 1978. 

(32) “International Tables for X-ray Crystallography”, Vol. IV, Ky- 
noch Press, Birmingham, England, 1974,99-101. 


