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ABSTRACT 


2,2’-Diselenocyanato-l ,l‘-binaphthyl( l),  the first selenium-containing binaphthyl derivative, has been 
synthesized in optically active form from the corresponding diamine by diazotization followed by the 
reaction with potassium selenocyanate. Its molecular structure is determined by X-ray diffraction 
method. It is revealed that selenium atoms have hypervalent penta-coordination in  the crystal. 


Since the discovery of chiral recognition of a binaphthyl unit  incorporated in crown ethers’ the 
versatile of chiral binaphthyl compounds has been amply demonstrated in catalytic* or 
stoichiometric asymmetric synthesis3 as well as in the development of technologically 
important materials such as nematic liquid  crystal^.^ With the growing interest in  this area, a 
number of efficient syntheses has been reported recently.s The binaphthyl compounds which 
have been prepared to date are, however, strictly limited to those possessing functional 
group(s) at 2 (and 2‘)-position(s) which contain(s) second-row (C,N,O), third-row (S,Si) 
element(s) and/or halogens (C1,Br). We wish to report herein the synthesis of the first 
monomeric selenium-containing binaphthyl, 2,2’-diselenocyanato-l ,l’-binaphthyl(1) in opti- 
cally active form and its molecular structure determined by X-ray diffraction method. 


Initial attempts at the preparation of 1.1 ‘-binaphthyl-2,2’-diselenide(2) by introduction of 
selenium metal into appropriate metallated (Li or MgBr) binaphthyl species failed to afford 
the desired compound presumably because 2 might undergo facile polymerization under the 
subsequent oxidative reaction conditions employed. We therefore selected the 
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3 1 
Scheme 1 


diselenocyanate(1) as the target: the classical method of aryl selenocyanate synthesis was 
employed.6 The synthesis procedure is as follows (Scheme 1). 


Optically active diamine(3) was prepared by the literature method.' R-3 was converted into 
optically pure R-1 by diazotization followed by reaction with potassium selenocyanate 
according to the procedure reported previously.6 After purification by silica gel chromatogra- 
phy (1 : 1 hexane-CHzCIz), pure R-2,2'-diselenocyanato-l, 1 '-binaphthyl (R-I) was obtained in 
24% overall yield. The optical purity of the pale yellow crystals (R-I) was unequivocally 
demonstrated by HPLC using an optically active (CHIRALPAK OT( +), Daicel, methanol as 
eluent). R-1 (m.p. 153-156") showed characteristic spectroscopic behaviour(1R: 2155 cm-' for 
CN; Se-NMR: 324.9 ppm for SeCN; C-NMR: 100-7 ppm for CN; UVmax: 225 nm ( e  = 3.4 X 
lo4), [ m ] L 5 :  + 920" (c  = 0.0012 in CH,CN)). 


Single crystal X-ray analysis was performed for R-1 which was repeatedly recrystallized from 
acetonitrile. A Rigaku automated 4-circle diffractometer was employed with the CuK, 
radiation monochromatized by graphite. The crystal data obtained is as follows. CZ2Hl2N2Se2, 
M = 462.3, orthorhombic, a = 16.757(2), b = 9.683(1), c = 11.837(3)& U = 1920-6A3, space 
group P21212,, Z = 4, D, = 1.58g/cm3 (observed value; 1-59g/cm3). The structure was solved 
by the direct method and was refined by the full-matrix least-squares method neglecting 
hydrogen atoms. R-value was reduced to 0.090 for 1540 non-zero reflections. The ORTEP 
drawing is shown in Figure 1 and pertinent bonding parameters are collected in Table 1. 


The two C(sp2)-Se-C(sp)-N systems have similar bond lengths and bond angles within 
experimental error. The C(sp2)-Se bond lengths are 1.97 and 1-95A$, which are slightly longer 
than the value, 1.92A, found in 1,4-diseIenocyanatobenzene (4).' The C(sp)-Se bond lengths 
are 1.83 and 1.79& which are nearly identical to the corresponding bond length of 4. One of 
the C(sp2)-Se-C(sp) bond angles (91.5") observed for I is somewhat lower than the normal 
C(sp3)-Se-C(sp3) bond angle (96.3" for dimethyl selenide) .9 The C-C bond length between 
the two naphthyl groups (1.46A) is a little shorter than the corresponding value for binaphthyl 
(1.49A),"' which seems surprising since this bond is not lengthened by steric interaction 
between the two bulky selenocyanato moieties. I t  should be noted that one of the 
selenocyanato groups lies nearly in the plane of the naphthyl moiety to which it is bonded 
(dihedral angle: C(ll)-C(2>-Se(l)-C(12); 6"), while the other clearly does not 
(C(31)-C(22)-Se(21)-C(32); 42"). 


The dihedral angle between the two naphthyl groups is only 83" to our surprise, which is 
smaller than other binaphthyl compounds whose structures were previously determined by 
X-ray analysis: for example, the corresponding dihedral angles are 11 1". 89", and 85" for the 
2,2'-X-substituted binaphthyls (X = OMe," OH," NHz,l2 respectively). It may be predicted 
that the larger the substituents (X) are, the larger would be the dihedral angle between the two 


thYl groups if one considers intramolecular interaction in an isolated single molecuie. 
angle between the tW0 bulky groups should also depend on the bond the 


length Of c-x and on the balance Of force field in the crystal packing. 
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Figure 1. ORTEP drawing of R-1 


181 


Table 1. Pertinent bonding parameters for R-1 
Bond Distances (A) 


C(2)-Se( 1) 1.97(3) C(22)-Se(21) 1*95( 2) 
Se(1)-C(l2) 1.83(2) Se(21)-C(32) 1.79(3) 
C(12)-N(13) 1.15(4) C(32)-N(33) 1.16(4) 
C( 3)-C(23) 1.46(3) 


Bond Angles (deg) 


C(2)-Se(l)-C(l2) 91.5(13) C(22)-Se(21)-C(32) 96*6(11) 
Se(1)-C( 12)-N(13) 172(4) Se(21)-C(32)-N(33) 177(3) 


Dihedral Angles (deg) 
~~ 


C(2)-C(3)-C(23)-C(22> 80 C(2)-C(3)-C(23)-C(24) 97 
C(4)-C(3)-C(23)-C(24) 86 C(4)-C(3)-C(23)-C(22) 98 
C(ll)--C(2)-Se(l)-C(12) 6 C(31)-C(22)-Se(2l)-C(32) 42 
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A noteworthy feature in the crystal packing (orthorhombic) is the alignment of the selenium 
atoms which are located within 3.96A along the c axis. These selenium atoms neatly align in a 
right-handed helix with the two kinds of regular distances between selenium atoms along the c 
axis (3.56A for intramolecular selenium atoms and 3.96A for intermolecular selenium atoms: 
the pitch of the helix corresponds to c (1 1.837A), Figure 2). Since the van der Waals radius of 
Se is 2-0A (Pauling’s value), the aligned helical selenium atoms constitute a helical atomic wire 
in which the neighbouring selenium atoms are in contact with one another within its van der 
Waals radius. 


It may also be pointed out that the selenium atoms possess some hypervalent nature. Thus 
Se( 1) is situated near the aromatic carbon of the naphthyl moiety of the other diselenocyanate 
binaphthyl molecule (C(6’)) which is located along the  c-axis: the  distance between Se(1) and 
the nearest neighbouring carbon (C(6’)) in the other molecule is 3.44A, which falls within the 
sum of van der Waals radii of carbon (1.7A) and selenium (2.0A). The C(4’)- Se(l)-C(2) 
bond angle is 161.4”, implying that these three atoms are approximately linearly aligned. 
Interestingly the Se(l) ,  Se(21), C(12) and Se(21’) (the selenium-21 in the identical neighbor) 
not only lie approximately in the same plane, which is nearly perpendicular with respect to the 
C(6’)-Se(l) axis. Moreover, the bond angles involving these four atoms (Se(21)-Se( 1)- 
Se(21’) = 130.0”, C(12)-Se(l)-Se(21‘) = 110.9”, and Se(21)-Se(l)-C(12) = 118.6“) 
strongly suggest the trigonal bipyramid form of Se(1) (Figure 3) .  


A somewhat different penta-coordinated hypervalent nature appears in the other selenium 
atom (Se(21)). As shown in Figure 4, the five atoms around Se(21) (C(22), Se(l), C(26’), 
C(32) and Se(1’)) constitute a pseudo square pyramid in which all non-bonded atoms are 
located within the sum of van der Waals radii. The arrangement of the four atoms around 
Se(21) (C(22), C(32), C(26’) and Se(1)) can be regarded roughly as a square base of the square 
pyramid whose pseudo axial vertex (Se(1‘)) is situated at 3.96A away from the central 
selenium atom (Se(21)) with the bond angles C(26’)-Se(21)-Se(l’) = 91-3”, Se( 1)-Se(21) 
-Se(l’) = 128.1” etc. Since the energy difference between trigonal bipyramidal and square 
pyramidal structures in penta-coordinate organometallic complexes is generally small,” it is 
understandable that the selenium atoms in I take either hypervalent structure in the crystalline 
state. 


Figure 2. The helical structure of selenium atoms in the crystal packing 
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Figure 3. Hypervaient nature of Se(1) in the crystal of 1 
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Figure 4. Hypervalent nature of Se(21) in the crystal of 1 


To the best of our knowledge, this is the first example of hypervalent structure of a crystal of 


We are now trying to apply optically active 1 to asymmetric synthesis and to the synthesis of 
divalent selenium compound as revealed by X-ray diffraction analysis. 


new functional substances. 
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ABSTRACT 


The development of positive charge p to silicon in a saturated five-membered ring has heen studied in the 
cis- and /rr~n.v-2-(trimethylsilyl)cyclopentyl trifluoroacetates. The cic. substrate solvolyzes in 97% 
trifluoroethanol at 25°C about 5 times faster than the analogous six-membered ring. after correction for 
differences in ring strain. The tram substrate solvolyzes about 360 times more slowdy than the analogous 
six-membered ring. These changes are in agreement with a hyperconjugative mechanism for interaction 
between the silyl group and the developing positive charge. The expected cosine-squared dependence of 
hyperconjugation on the Si -C--C-X dihedral angle suggests that the cis dihedral angle is reduced 
somewhat from the 60" in the six-mcmbercd ring. and the f r u m  dihedral angle is reduced substantially 
from the 180" in the six-membered ring. 


Silicon strongly stablizes the development of positive charge on  an atom two bonds away, for 
example in the reaction Me3SiCH2CH2X Me3SiCH2CH2+.' This effect is generally 
attributed to hyperconjugation between the Me3Si-C bond and the  developing empty p 
orbital on carbon. Consequently, there is a strong stereochernical component, whereby the 
effect is largest when the Si-C bond and the devloping p orbital are parallel. We have found 
that a rigid antiperiplanar (axial-axial) relationship between Me3Si and a trifluoroacetate 
leaving group in the cyclohexane framework imparts an acceleration of some 12 orders of 
magnitude, in comparison with cyclohexyl trifluoroacetate.' The gauche (axial-equatorial) 
arrangement has a significant but much smaller acceleration, only four orders of magnitude. 


The six-membered ring was chosen for our initial study' because of its well defined dihedral 
angles, about 180" and 60" in the above two cases. We adapted the mathematics for the 
dependence of beta hydrogen-deuterium isotope effects (which also derive from hypercon- 
jugative interactions) on dihedral angles to the present context, as in equation ( l ) ,  in which 
ksi,e is the rate for a 


log (kSi#lkF,) = cos~6[log(k"sl.o./kH")] + log(k'sl/kH') ( 1 )  


silylated system with Si-C-C-X dihedral angle 6,  k H  is the rate of the unsilylated model, 
the superscript V refers to the hyperconjugative or vertical contribution to the rate, and the 
superscript I refers to the inductive contribution, Thus the hyperconjugative contribution has a 
cosine-squared dependence on dihedral angle. According to equation ( I ) ,  the  maximum 
acceleration occurs equally at 0" or 180", when overlap is best (cos26 = 1).  The maximum 
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acceleration, log(kvsi,oo/kHv). then is modulated by the term cos'o. The inductive term is 
much smaller and additive. From the study of biased six-membered rings. we found that the 
maxinium hyperconjugative term is about 10"' and the inductive term is 10' for 97% aqueous 
trifluoroethanol at 25" C. 


In  the present work we have extended this study to a case in which the dihedral angles are 
not known: five-membered rings. Such systems can adopt envelope, half-chair (twist). or evcn 
planar conformations. Constraints of bond angles prevent the achievement of a 180" 
antiperiplanar geometry betwecn vicinal groups. Consequently, reduced silicon participation 
is expected in the development of beta positive charge. I n  order to study this phenomenon in 
five-membered rings, we have prepared compounds 1 and 2, which respectivcly have cis and 


SiMe, 


r;' 
SiMe, 


',,.,x 


2 
a, 


1 


trutzs geometries between the ring substituents. We report herein the preparation and 
solvolysis of these substrates. From the observed rate accclcrntions, we are able to estimate 
the  average dihedral angles between t h e  substituents in the transition states t o  development o f  
positive charge. 


RESULTS 


ci.s-2-(TrimethylsilyI)cyclopentan0~, 1-OH, was prepared in the same way that the analogous 
six-membered ring had been prepared. ' 1-Chlorocyclopentene was converted to 1 - 
(trimethylsilyl)cyclopentene, which was epoxidized with metu-chloroperbenzoic acid. Reduc- 
tion of the epoxide with lithium aluminum hydride provided the  cis alcohol, 1-OH. The trans 
six-membered ring had been obtained by ring opening of cyclohexene oxide with 
trimethylsilylpotassium. I The same procedure with cyclopentene oxide failed, presumably 
because of unfavorable dihedral angles for approach of the anion. (Exploration of this reaction 
as a function of ring size in fact showed that the reaction occurs with good yield only with the 
six-membered ring. Reaction with the five-, seven-, and eight-membered rings and even some 
acyclic compounds gave little or  no yield.) Hydroboration of I-(trimethylsily1)-cyclopentene 
followed by oxidation successfully produced trans-Z(trimethylsilyl)cyclopentanol, 2-OH. 


The trifluoroacetates of both isomers were prepared and found to be stable compounds. The 
rate of the cis isomer, l-O(CO)CF3, was measured directly at 254°C in three 
water-trifluoroethanol mixtures. Measurements for the more reactive trans isomer, 
2-0(CO)CF3, were carried out at low temperatures in two water-trifluoroethanol mixtures 
and extrapolated to 25.0" C. Freezing of the solvent prevented measurements below 80% 
trifluoroethanol. The unsubstituted substrate, cyclopentyl trifluoroacetate, was selected as the 
unsilylated model ( k H  in equation (1)). These rates are given in Table 1 .  Rate ratios for the 
five- and six-membered rings are collected in Table 2. 


Molecularity of the reaction was determined by means of Raber-Harris plots. 1.2 Additional 
data were needed in aqueous ethanol mixtures (Table 3). Some of these measurements had to 
be made at low temperatures and extrapolated to 254°C. The Raber-Harris plots for 
cyclopentyl trifluoroacetate, I-O(CO)CF3, and 2-O(CO)CF3 are given in Figures 1-3. 







DEVELOPMENT OF I'OSITIVL C ' I  IAI1CrF IN FIVE-MEMBEl<tL) RINGS 171 


Table 1 .  Rate measurements in aqueous trifluoroethanol solvents 


System %TFE" temp, "C r k ,  s- '  


cyclopentyl 60 
trifluoroacetate 


70 


80 


97 
60 
80 
97 
80 


97 


80-0 0.9994 
90.0 0.9994 
25.0" 
95.0 0.999 
90.0 0.9997 
25.Oh 
90-0 0.9992 
95-0 0-998 
25*Oh 
25.0' 
25.0 
25.0 
25.0 


d 


d 


d 


-16.0 0.998 
- 1 1 . 0  0.999 


25.Uh 
- 20.0 0.9995 
-9.0 0.995 
25.0'' 


9.45 x 


4.11 X lo-' 
1.07 x 1w4 
1.04 x 10-4 
8.06 x 10-5 
1.35 X loph 
2.02 x 1 0 - 5  
2-67 X lo-' 
2.29 X lo-' 
4.47 x 10-9 


1.06 x 
9.57 x 
8.19 x 
1.94 x 10-3  


7.66 x 10-2 


6.15 x l o r 2  


3.23 x lo-' 


2.03 X 
5.20 x 10p3 


"Percentage by weight. 
"Extrapolated from other temperatures. 
'Extrapolated from the other solvents. 
"Average of several runs. 


Table 2. Rate ratios of trifluoroacetates in 97% trifluoroethanol at 25°C 


Substrate k ,  s-' k,,, kr,, 


cyclopentyl 4-47 x lopy 1 
1 (cis) 8.1 x 1 0 - 4  1.83 x 105 1 
2 (Iruns) 6-15 X 1.38 x 10' 75.9 


cyclohexyl" 7.05 X 10-l" 1 
cis" 2-36 x 10-5 3.3 x 1 0 4  1 
trunS" 4-0 X 10') 5.7 x 109 1.7 x 105 


"Six-memhered analogues; data from Reference 2. 


Activation parameters provide additional information about molecularity and are presented in 
Table 4. 


Thc cis substrate gave over 97% cyclopentene and less than 3% alcohol as the product. The 
trans substrate gave exclusively cyclopentene in 80Yc aqueous ethanol but some alcohol in 
97% trifluoroethanol. Cyclopentyl trifluoroacetate gave mostly cyclopentcnc. 
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Table 3. Rate measurements in aqueous ethanol solvents 


System %EtOH" temp, "C r k ,  s-' 


cyclopentyl 50 
trifluoroacetate 


60 


70 


80 


l-O(CO)CFI 50 
60 
70 
80 


60 


70 


80 


0.99997 
0.99992 
0.99993 
0.9995 


0.9995 
0.998 


0.9998 
0.996 


0.998 
0.997 


2.01 x 10-4 
1.37 X 
4.70 x 10-5 
1.33 x IW4 
8.38 x 
2.68 x 10-5 
6.85 x 10-5 


1.05 x 
6.18 x l o r 5  
7.72 x In-' 


1.09 x 10-4 


1.04 x 10-4 
1.14 x 10-4 
5.82 X 10-' 
1.45 x 1 0 - 4  


1-67 x 
5.95 x 10-5 
4-20 X 
2-38 x 10-4  


4-14 x 10-4 
7.79 x 10-4 
2.75 X l0-j 
4.56 x 10-4 
9.56 x 10-4 
5.62 x 10-4 


5.97 x 10-3 
1.57 x 


1.52 X lo-' 


7.66 x 10-4 
1.69 X lo-' 
4.07 x 10-3  


"Percentage by volume. 
hAverage of two runs. 
'Extrapolated from other temperatures. 


DISCUSSION 


The tests for molecularity indicate that there is a change in mechanism on introduction of the 
trimethylsilyl group. The Raber-Harris plot for cyclopentyl trifluororoacetate (Figure 1 )  gives 
two separate lines. characteristic o f  a bimolecular reaction between substrate and solvent (A\). 
Similar results were obtained with cyclohexyl trifluoacetate,' so that these two substrates may 
be compared on a common mechanistic basis. Single line plots, however. a re  obtained for both 
cis- and trun.s-2-(trimethylsilyl) cyclopentyl trifluoroacetate, indicative of a unimolecular (A,,) 
reaction (Figures 2 and 3 ) ,  as was similarly observed with silylated six-membered rings.' A t  
high levels of water (50% ethanol for the cis substrate, 60% ethanol for the rruris substrate) 







DEVELOPMENT O F  POSITIVE CIlAKGE IN FIVE-MEMBERED KINGS 173 


7.0 


9.0 1 ' I I I 
6.0 5.0 4.0 3.0 


-log k 1-Adamantyl Bromide 


Figurc 1. Thc Rabcr-Harris plot lor cyclopcntyl trilluoroacctatc. C l o d  circlcs arc for aqucous ethanol. opcn circlcs 
for iiqiicou> trifluorocthnnol 


2.0 


X 
m - 
I 


3.0 


4.0 


5.0 


6.0 I I I 
6.0 5.0 4.0 


-log k 1-Adamantyl Bromide 


Figure 2. The Raber-Harris plot for cis-2-(trimethylsilyI)- 
cyclopcntyl trifluoroacctatc (1-O(CO)CF,) 


3.0 t 4 


4.01 I I 1 
6.0 5.0 4.0 


-log k 1-Adarnantyl Bromide 


.o 


Figure 3. The Rabcr-Harris plot for frarts-2- 
(trirncthysily1)-cyclopentyl trifluoroacetate (ZO(CO)CF,) 
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Table 4. Activation parameters in  80% ethanol 


Systems no. of temp A@, AH', ASt, r 
kcalimol kcalimol eu 


cyclopentyl 4 24.5 9.9 -49.1 0.98 


2 (trans) 4 20.9 20.7 0.5 0.991 
1 (cis) 4 23.4 27.0 12-1 0.997 


there is some deviation from the linear plot, consistent with a possible bimolecular 
contribution or with possible heterogeneity of medium when the water concentration reaches a 
certain level. 


These results with the silylated substrates are not consistent with a concerted fragmentation, 
which should not show the mechanistic parallel with the k ( -  model. I-adamantyl bromide. i n  
Figures 2 and 3. Direct (nonvertical) participation by Me3Si in the departure of the leaving 
group remains a viable possibility, but we continue to adhere to the current position that a 
vertical interaction between Me3Si-C and the developing positive charge is the major 
mechanism. 


The activation parameters (Table 4) provide an alternative test for molecularity. The 
activation entropy for cyclopentyl trifluoroacetate is large and negative, as expected for a 
reaction that requires some organization of solvent. For the two silylated substrates, AS$ is 
negligible or slightly positive. as expected for a reaction in which t h e  number of particles is 
increasing. An identical pattern for the activation entropy was observed for the analogous 
six-membered rings. ' Thus introduction of a trimcthylsilyl group adjacent to a solvolytic 
leaving group in these rings causes a fundamental mechanistic change irrespective of the 
d i hed ra I arrangements . 


Although dihedral angles are reasonably well known in six-membered rings, such is not the 
case for these fivc-membered rings. Comparison of the rates of the two ring sizes is instructive 
(Table 2). Cyclopentyl trifluoroacetate is 6.3 times more reactive than cyclohexyl 
trifluoroacetate, probably because of the higher ground state energy of the five-membered 
ring due to higher angle and eclipsing strain. The cis five-membered ring i s  34.7 times as fast as 
the unbiased six-membered ring. (The comparison is made between l-O(CO)CFR and the 
unbiased cis-2-(trimethylsilyI)cyclohexyl trifluoroacetate. ' Placement of a tert-butyl group at  
the 4 position of the six-membered ring freezes the other substituents into specific axial or 
equatorial locations but has almost no effect on the rate.) In  addition to ground state 
differenccs, the five-membered ring has an acceleration from silicon by a factor of about 5.5 
(34.716.3). Since the major mechanism for stabilization of positive charge by a beta silicon is 
thought t o  be hypcrconjugation.' the magnitude of thc effect would depend on the square of 
the cosine of the Si-C-C-X dihedral angle (equation ( I ) ) .  The dihedral angle is about 60" 
in thc cis six-membered ring, so that from the shape of the cosine-squared dependence the 
increased rate indicates the average dihedral angle must be smaller than 60". 


On the other hand, the trans five-membered ring reacts 65 times more slowly than the 
unbiased six-membered, or 360 (65 X 5.5) when corrected for ground state differences.'K (The 


"The comparison is madc hctwccn Z-O(CO)C'F, and thc uribiascd /rcm.s-2-(trimcthylsilyl)cycIohcxyl trilluoroacctatc. ' 
I f  thc comparison wcrc madc with thc hiascd trans diaxial lorm with ;i 4-ipri-hutyl group, thc five-mcmhcrcd ring 
would appear wrnc 4OU timcs slower st i l l .  N o  qualitative conclusions would bc changcd had wc compared flcxiblc 
five-mcrnhcred rings with thc rigid (hiascd) six-mcmhcrcd rinps. 
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rate of truns-2-(trimethylsilyl)cyclohexyl tritluoroacetate was measured by two quite different 
methods. '  The result was the same within a factor of 6. These comparisons with the trans 
six-membered ring a re  only approximate. This spread of the numbers has n o  influence on  ou r  
final conclusions.) The  truns six-membered ring reacts from the optimal 180" conformation, so 
that the  slower trans five-membered ring must have reduced hyperconjugation on the average 
because of its smaller and  less favorable dihedral angle (less than 180"). The  cosine-squared 
dependence has a maximum at 0" as well as 180". The  fact that the cis five-membered ring is 
several orders of magnitude slower than even the unbiased:': trans ( 180") six-membered ring 
requires that the five-mcmhered ring not be planar. A planar ring would have resulted in the 
favorable 0" dihedral angle for the cis form. 


Saturated five-membered rings a re  usually described in terms of envelope and half-chair 
(twist) conformations.3 It is quite likely that I -  and 2-O(CO)CF3 exist as mixtures o f  
conformations, but the rates requirc that the average dihedral angle between t h e  C-Si and 
the C-X (X = O(CO)CF,) bonds be  snialler than 180" in the fruns form and smaller than 60" 
in the cis form. Quantitative application of t h e  cosine-squared dependence of the rate 
acceleration (equation ( 1 ) )  provides an approach to a more accurate definition of the dihedral 
angles in the five-membered systems. The quantity k v s i , o ~ ~ / k l l v  is known to be 10"' (the 
hyperconjugative contribution) and kJs i /k t l1  to be 102 (the inductive Contribution). Sincc 
ks,3t,lkH is measured for the cis and trui7.s fivc-membered rings (1.83 x 10' and 1.38 x 107 
respectively in Table 2). equation ( 1 )  may be solved for cos28 in each case. In this way, the 
average cis dihedral angle was calculated to be about SO" and the average rruns dihedral angle 
to be about 147". These angles should be considered to be very approximate, but at least they 
provide a rough indication of the angular relationships in the five-membered rings. 


CONCLUSIONS 


Introduction of a trimethysilyl group that is beta to a position at which positive charge 
develops in a five-membered ring causes large rate enhancements ( 105-107 for  trifluoroace- 
tates in  97% trifluoroethanol). The  trans arrangemcnt is less effective than in the 
six-membered ring, and the cis arrangement is slightly more effective than in the 
six-membered ring, in agrecmcnt with the expectations of a hyperconjugative cosine-squared 
dependence of the rate acceleration o n  the Si-C-C-X (X = trifluoroacetate) dihedral 
angle. Thus  the trunslcis ratio is only 75 in the five-membered ring, compared with 10' in the 
six-membered ring.' 


EXPEKIMENTAL SECTlOK 


I-(TrimethyLsilyl)cyclopentene. In a three-necked flask with a gas in!et and a rubber septum 
was mixed Na  chips and  300 ml of dry diethyl ether. Under a N, atmosphere, I-chloropentene 
(6.35 g, 60 mmol) and chlorotrimethylsilane were added in turn via a syringe. After 10 days of 
stirring at room temperature, the reaction was quenched by careful addition o f  SO ml of H 2 0 .  
The  phases were separated, and the aqueous portion was extracted with ethcr (3 x 50 ml). The  
combined organics were dried (MgS04) .  Distillation of the residue after evaporation of 
solvent gave the desired product: 4.46 g, 53%; bp 148-150°C (760mniHg); 'H-NMR (CDCI,) 
b 0.1 (s, 9, SiMe?), 1.9 ( b r m ,  2, CH2). 2-5 (br m, 4, CY CH2), 6.1 (br s, 1 ,  vinyl proton). 
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I-(Trimethylsily1)cyclopentene oxide. m-Chloroperbenzoic acid (10.8 g, 80% purity, the rest 
of the material being m-chlorobenzoic acid, 50 mmol) was dissolved in 200 ml of cooled (0" c )  
CH2C12. A solution of 1 -(trimethylsilyl)cyclopentene (4-46 g, 31.8 mmol) in 10 ml of CHzC12 
was then added dropwise with stirring. After having been stirred at room temperature 
overnight, the mixture was cooled again and the solid (m-chlorobenzoic acid) was removed by 
means of filtration. The filtrate was washed with 10% aqueous NaOH solution and water and 
dried. After evaporation of solvent, vacuum distillation gave the product: 2-94 g, 59.3%; 
bp 6547°C (17mmHg); 'H-NMR (CDC13) 6 0-1 (s, 9, SiMe3), 1.0-2-1 (br m, 6, CH-J, 
3-2 (s, 1, CH). 


cis-2-(Trimefhylsifyl)cyclopenranol ( I - O H ) .  A solution of 1-(trimethylsi1yl)cyclopentene 
oxide (2.92 g,  18.8 mmol) was added dropwise to a suspension of LiAIH4 (1.6g, 42 mmol) in 
50ml of dry diethyl ether, which had been cooled with an ice bath. The mixture was stirred 
overnight at room temperature, and water (30 ml) was added cautiously. The solid was filtered 
off, and the filtrate was washed with ether. The combined ethereal solution was dried 
(MgS04). Distillation of the residue after solvent evaporation afforded the product: 1-53 g, 
52%; bp 7940°C (16mmHg); 'H-NMR (CDCI,) 6 0.1 (s, 9, SiMe?), 0452.1 (br m, 8, CHZ, 
CHSi, OH), 4.5 (br s,  1, CHO); "C-NMR (CDCI?) 6 -1.28 (SiMe3), 24.3, 25.7, 35.3, 37.9 
(CH,CH,CH2CHSi), 76.7 (CHO). Anal. calcd. for C8H18SiO: C, 60.72; H, 11.39; Si, 17.76. 
Found: C,  60.61; H, 11-42; Si, 17-53. 


frans-2-(Trimethylsilyl)cyclopentanol (2-OH). According to the method of Larson et al. ,4 a 
mixture of BF3 etherate (5.98g, 52 mmol) in 5 ml of dry diglyme was added under N2 dropwise 
to a solution of NaBH4 (1-55 g, 40.9 mmol) in 15 ml of diglyme. The borane so generated was 
passed first through a saturated solution of NaBH, in diglyrne (to remove trace amounts of 
BF3) and then through a dry ice-acetone trap. The gas was then bubbled into a solution of 
1-(trimethylsilyl)cyclopentene (3.68 g,  26.3 mmol) in 50 ml of dry tetrahydrofuran (THF) at 
room temperature. After addition of the BF, etherate solution was complete, the diglyme 
solution was heated to 80" C for 2 h. The THF solution was then stirred for 48 h at room 
temperature. Then, 7 ml of 3 N aqueous NaOH solution was added, followed by dropwise 
addition of 7ml of 30% H202 solution. After an additional 2h  of stirring, the reaction was 
quenched by addition of tom1 of H 2 0 .  The phases were separated, and the organic portion was 
dried (MgS04). After removal of solvent, distillation at reduced pressure gave the product: 
2.18g, 53%; bp 69-73°C (5rnmHg) (lit.4 75-80°C (1OmmHg)); 'H-NMR (CDC13) 6 0.1 (s, 9. 
SiMe,), 0-8-2-1 (br m, 8, CH2, CHSi, OH),  4.2 (br s, 1 ,  CHO); I3C-NMR (CDCI,) 6 -2.72 
(SiMe3). 24-35, 26-57, 3641, 37.48 (CH2CH2CH2CHSi), 76-14 (CHO). Anal. calcd. for 
C8HIHSiO: C,  60.72; H, 11-39; Si, 17.76. Found: C ,  59.54; H, 11.46; Si, I8,54. 


cis-2-(Trimethylsilyl)cyclopentyl Trifluoroacetate (I-O(CO)CF,) was prepared by reaction of 
the corresponding alcohol with trifluoroacetic anhydride: 'H-NMR (CDC13) 6 0.1 (s, 9, 
SiMe3), 14-2.1 (brm, 7, CHz and CHSi), 5.6 (brs,  1. CHO); IR (mull) 1773cm-' (C=O). 


trans-2- (Trimethy isilyl) cyciopenty l Trifluoroacetule (2-0( CO)CF3 was prepared from the 
corresponding alcohol in the same fashion as the cis isomer: 'H-NMR (CDC13) 6 0.0 (s, 9, 







177 DEVELOPMENT OF POSITIVE CIIAKGE IN FIVE-MEMBERED RINGS 


SiMe3), 1-0-2.1 (brm, 7, CH2 and CHSi), 5.3 (br s, 1, CHO); "C-NMR (CDCl3) 6 -3.5 
(SiMe3), 23.9, 25.6, 33.6, 34.7 (SiCHCH2CH2CH2), 84-0 (CHO), 101.8, 113.4, 116.0, 118.6 
(9 ( J  = 2 6 0 H ~ ) ,  CF3), 156.6, 157.0 157.4, 157.8 (9 (J  = ~ O H Z ) ,  C=O). 


Solvents 


Ethanol was distilled from magnesium ethoxide as described by Lund and Bjerrum.' 
Commercial 2,2,2-trifluoroethanoI was distilled from aqueous K2C03, dried with P205,  and 
fractionally distilled through a 10-in. vacuum-jacketed column packed with glass helices, bp 
73-5-74.5" C. Ethanol mixtures are quoted in volume percentage and trifluorethanol in weight 
percentage. 


Kinetic methods 


Rates in aqueous solvents were determined conductometrically with an Industrial Instruments 
Model RC 16R2 conductivity bridge. The conductivity cell (Industrial Instruments) had black 
Pt electrodes, cell constant 0.42cm-', and a volume of approximately 35ml. In a typical 
experiment, enough substrate to make a solution approximately l o p 7  M was added to the cell, 
which contained almost 20ml of solvent. The cell was then stoppered and equilibrated in a 
constant temperature bath (Precision Model H8) for at least 5 min with stirring. Solvolyses 
were followed by taking at least 1 0  readings approximately equally spaced in conductance over 
1-3 half-lives. T h e  raw conductance data were then fitted to a first-order rate equation by 
means of a least-squares computer program. The precision of the fit  to first-order kinetics was 
satisfactory over up to 3 half-lives in the aqueous ethanol and aqueous trifluoroethanol 
solvents. 


Product studies 


A 0.2-0-5 M solution of the substrate in the desired solvent (1 ml) was prepared in a Pyrex tube 
(0.8mm in diameter). The tubes were sealed and placed in a constant temperature bath at 
90°C. After 5 days, the tubes were cooled in an ice bath and opened. A filtration was then 
performed to remove any solid product formed. The mixtures were then analyzed with 
GC-MS: 20m column with 3% Carbowax on Chromosorb W,  FID detector, gas flow 
l0mllmin. Under these conditions, all the components were well separated and the product 
alkene and alcohol had differences in retention times as much as 6min. Cyclopentanol was 
identified by mass spectral peaks at mle 86, 67, 57, and 44, whereas cyclopentene was 
identified by peaks at 68, 67, 53, and 39. 
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ABSTRACT 


The temperature-dependence of the kinetic isotope effects for branched reactions proceeding via a 
common intermediate has been simulated by calculations. It is shown that, under certain conditions, 
anomalously small isotope effects on the Arrhenius preexponential factors, as well as unusually large 
observed isotope effects, may originate from the branching. 


INTRODUCTION 


Kinetic isotope effects significantly larger than those that can be calculated from the zero-point 
energies between the bonds to the heavy and light isotopes, respectively, i.c., AE:, > E,', - E,,, 
are usually attributed to a significant fraction of tunneling. Another indication for a substantial 
tunnel contribution is a ratio of the preexponential factors that is considerably smaller than 
unity (AH/A" < 0.6). Combined, these indications have frequently been considered as 
conclusive evidence for tunneling. ' However, this conclusion is not unambiguous since, as will 
be shown in the present paper, under certain conditions reaction branching may give rise to an 
unusually large isotope effect that is somctimes combined with an anomalous temperature- 
dependence. 


RESULTS AND DISCUSSION 


Under certain conditions, reaction branching can give rise to unusually large as well as 
unusually small isotope effects. Let us consider the following simple type of reaction 
branching, where I denotes a short-lived intermediate: 


2 


k ,  
1 -  
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The steady-state approximation yields the following relations between the phenomenologic- 
al (‘observed’) and microscopic rate constants: 


ki2 = ki k2/(k2 + k3) ( 2 )  


Accordingly, the following expressions for the kinetic isotope effects are obtained (heavy 
isotopes are denoted by primes): 


k i d k h  = ( k i / k ; )  (kdk ; )  (k; + k4) / (kz + k3) ( 5 )  
Thus, for example, the observed isotope effect on the reaction of 1 to 2 is a product of two 


isotope effects, k l i k i  and k2/k;,  and a third factor. Apart from the effect of the isotopic 
substitution, the value of the latter depends on the relative magnitude of k2 and k3. 


If k21k; > k3/k ; ,  the following expression is valid: 


k12/k;2 > k l / k i  > k13/k;3 (6) 
Thus we conclude:2 Competition between two processes which have different kinetic isotope 


effects and which follow a common (rate-limiting) step sensitive to isotopic substitution results in 
an amplified observed isotope effect for  the overall reaction, which proceeds via the competing 
step with the largest isotope effect. The other overall reaction will show an attenuated isotope 
effect. i f  the isotope effect on the first step is substantial, the amplification may yield an 
unusually large overall isotope ef[ect. 


Extreme kinetic isotope effects caused by branching have been measured in several reaction 
systems.3 For example, such a large primary kinetic isotope effect as kH/k” - 90 has been 
measured for a base-catalyzed 1,3-hydron transfer reaction competing with base-promoted 
elimination via a common hydrogen-bonded intermediate, baseH+... carbanion (Scheme I).‘ 
It will be shown in the following example that the temperature-dependence of the isotope 
effect for a reaction of a branched system may mimic that of tunneling. 


+ Base 
HID) 


Base + 


i 
1 


3 


I = Base ti’, tightly hydrogen-bonded carbanion 


Scheme I 


For a one-step reaction, the Arrhenius equation may be written as 


(7) k ,  = A,  exp (-E,/RT) 


Let us assume that AYIAP = 1 and that k ,  and k2 of equation 1 are hydron transfer processes 
having, for simplicity, equal isotope effects; k v i k p  = kF/ky  = 7.740 at 30°C. Moreover, let us 
assume that k3 is insensitive to isotopic substitution, i.e., kylk? = 1. 
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Division of the Arrhenius equation for reaction with protium substrate with that with 
deuterium substrate at 30°C yields 


kylk? = 7-740 = exp [-(E:' - EF)/RT] - Ef' - E," = 1232.40 cal mol-I (8) 


(9) 


Application of the Arrhenius equation to equations (2) and (3): 


k12 = A l  exp (- E,/RT) I [l  + (A3/A2) exp { -  (E3 - E 2 )  IRT}] 


k l l  = A l  exp (- E1/R7) / [ l  + (A2 /Al )  exp { -  (E2  - E7) IRT}] (10) 
These equations combined with equations (4) and (5) yield 


In (kY2/kP2) = 1232.40IRT + In [{l + (Ai/A2) exp (- (E7 - E p )  IRT)} / 


(1 + (A7/A2) exp (- (E3 - E p )  /R7)}] 


(1  + (AdAd exp (- (Ez" - E l )  IRT) ) ]  


(11) 


In (ky7/ky7) = 1232.40IRT + In [{l + (A2/A3) exp (- (EF - E7) IRT)} / 


(12) 


where E7 - EF = 303-16Rln [(A?iA2) (k~/k7)300C] 


E3 - E p  = 303.16Rln [ (A3/A2)  (kF/k3)100C/7.740] 


Equations (11) and (12) are not linear like the ordinary Arrhenius expression for a one-step 
reaction; the magnitude of the curvature of plots of the isotope effects versus lIT is dependent 
on  the ratio A3/A2. The plots of equations ( 1 1 )  and (12) shown in Figures 1 and 2 are based 
upon data calculated for three A3/A2 ratios at 0,30, and 60"C, assuming k y  = k3 at 30°C. The 
data for these Arrhenius plots are recorded in Table 1, which also includes data calculated for 
other kF/k3 ratios. Straight lines are fair approximations of the plots shown in Figures I and 2. 
Accordingly, in experimental work, such small curvatures are easily hidden by the errors in the 
measured isotope effects, especially if the temperature interval is small. 


Z=O.Ol 
/ 


I I I I I I  I I I I 
0.0030 0.0032 0.0034 0.0036 0.0038 


1/T 


Figure 1 .  Plots of equation ( 1  I )  for reaction 1 + 2; k:(2/k1/2 is calculatcd assuming kl' = k ,  at 30°C; z = Ai /A2 
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Figurc 2. Plots of equation (12) for reaction I -+ 3; ki,'3/k';3 is calculatcd assuming ki' = k l  at 30°C; z = A,3/AZ 


Table 1 also shows the isotope effects for Arrhenius preexponential factors, AY2/A?2 and 
Ay3/AY3, which are obtained from the intercept of the regression lines of Figures 1 and 2, based 
upon the calculated isotope effects on the rate constants at the three temperatures. Thus, for 
example, ky = k3 at 30°C and A3/A2  = 0.01 correspond to such small values asAy2/A$: = 0.13 
and A:'3/Ay3 = 0.13. 


As shown in Table 1,  these parameter values correspond to k?/kl = 1-51 at 60"C, i.e., the 
amount of product 2 increases from 50% at 30°C to 60% at 60°C, equivalent to an entropy 
difference of AS2 - AS3 = 9cal mol-' deg-I. On the other hand, parameter values 
corresponding to a decrease in ky/k3 with temperature yield a normal or large isotope effect 
on  A I 2  (Table 1 ) .  


Obviously, a requirement for a temperature-dependency that mimics tunneling is that the 
rate of reaction from intermediate to product 2 (the reaction path that is sensitive to isotopic 
substitution) should increase more with temperature than the rate of reaction from 
intermediate to 3 (the path that is insensitive to isotopic substitution). This is consistent with 
AS," > AS:. 


Table I also presents results from calculations with other product ratios; kF/k3 = 10 and 100, 
respectively, at 30°C. As shown, 10% of the by-product 3 is enough for obtaining an unusually 
large isotope effect k1:2/kp2 and an abnormally small Ay2/AY2. 


At present, we have no experimental results that exhibit both an unusually large isotope 
effect on k I2  and an anomalously small AY2/Ay2. The unusually large kinetic isotope effect on 
the base-catalyzed 1 $proton transfer competing with base-promoted elimination that was 
mentioned above (Scheme I) is not expected to exhibit an anomalously small AY2/Ay2, since 
the rate of formation of the elimination product increases more with temperature than the 
formation of 1,3-proton transfer product 2. 


Solvolysis which proceeds via a carbocation or an ion pair and which yields elimination and 
substitution products (13) may give rise to a curved Arrhenius plot for the elimination reaction 
(k12) combined with an anomalously small isotope effect on A f 2  and an 'enlarged', but 
probably not unusually large, isotope effect on kI2. (An unusually large isotope effect ky2/ky2 
requires that kylk? is large. However, the deprotonation of the high-energy carbocationic 







Table 1. Isotope effects on rate constants and Arrhenius parameters 
calculated by means of equations (11) and (12) 


1 


0.6 
1 


1.5 
1 
1 
I 


1.7 
1 


0.7 


10 


7.8 
10 


12.3 


9.8 
10 


10.2 


12.9 
10 
8.1 


21.4 
10 
5.4 


100 


100 
100 
I00 


166 
100 
66 


275 
100 
44 


0.01 
0.01 
0.01 


1 
1 
1 


100 
100 
100 


0.01 
0.01 
0.01 


0.08 
0.08 
0.08 


1 
1 
1 


100 
100 
100 


0.01 
0-0 1 
0.01 


1 
1 
1 


100 
100 
100 


'expected' isotope effectsh.c 


0 49.79 
30 33.82 
60 24.63 11 


calculated isotope effects' 


} 0.13 


} 0.71 


} 4.36 


0 62.23 
30 3342 
60 20.36 


0 51.80 
30 33.82 
60 23-94 


0 41.37 
30 33-81 
60 27.52 


'expected' isotope effectsh.d 


11 


] 0-60 


30 0 8.2h) 1 


} 1.22 


0 10.00 8.26) 1.63 


0 16.47 
30 12.48 
60 9.94 


Calculated isotope effects' 


} 0.29 
0 19-30 


30 12.48 
60 947  


0 17.52 
30 12.48 
60 9-56 


} 1.47 
0 15.76 


30 12.48 
60 10.27 


30 0 13',) 12.48 6.86 


'expected' isotope effectsh,' 


60 11.93 


10.41 


60 6.83 


calculated isotope effects' 


30 8.26} 0.92 
0 10.52 


60 6.78 


0 10.20 
30 8.26 
60 6-96 


30 
60 7.22 


3.83 


0.13 
3-16 


::::) 0.71 
3.72 


::::> 4.36 
4.27 


1-54 


illy} 0.29 


::::) 0-60 
1.49 


:a:} 1.47 
1 .60 


i::} 6.86 
1.85 


1-41 


f:::} 1 


E} 1.22 


1.06 


t::;} 0.92 
1-05 


1.08 


1.03 
1.0,) 1.63 
1.12 


_ _ _ _ _ ~  


"Intercept of the regression line of the plot of equations ( 1  1) and (12). respectively 
(Figures I and 2). 
hAccording to the Arrhenius equation for a one-step reaction. 
'Assuming k'$ky2 = 33.82 and &'l:/ky, = 4.37, respectively, at 30°C (see text) 
'Assuming &'/2/k:'2 = 12.48 and k',:/&yl = 1.61, respectively, at 30°C. 
'Assuming &'l\/ky2 = 8.26 and k';?/k:', = 1.07, respectively, at 30°C. 
'Assuming k l ' ikp  = &:'/&? = 7.740 and k:'ikP = 1 at 30°C (see text). 
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HRX - HR+.  


HROS 


intermediate is not expected to exhibit a large isotope effect.) The requirements are a large 
secondary isotope effect on the ionization step and the substitution adduct (3) constituting a 
large fraction of the products; this fraction increases with temperature. An example is the 
solvolysis of 9-(*H6)-9-(2-chIoro-2-propyl)fluorene in 25 vol% acetonitrile in water.' 
However, the temperature-dependence of the isotope effects for this system has not been 
investigated. 


An interesting result of the calculations presentcd in Table 1 is an isotope effect kF3f,lky3 that 
increases with temperature. Experimentally, we have found k"/k" values for a base-promoted 
1 ,.l-elimination that are approximately constant with temperature.6 It was concluded that the 
results were caused by a stepwise mechanism (14) involving a fast 


Base + HR BaseH+ .... R--product (14) 


collapse of the hydrogen-bonded carbanion back to starting material; the amount of internal 
return decreases with temperature. Independent results confirm this type of internal-return 
mechanism.' It was also concluded that the temperature-dependencies of the isotope effects 
are a much more sensitive probe for a stepwise mechanism than a simple Arrhenius plot for 
the protium substrate. Koch and co-workcrs have found similar behavior in base-promoted 
1,2-elimination, i.e., a slight increase in isotope effect with temperature, that is also 
interpreted by a mcchanism of this type.' Recently, another example of increase in kinetic 
deuterium isotope effect with temperature was reported." The temperature-dependencies of 
the isotope effects of the internal-return mechanism have been simulated by calculations. I ( '  


The internal-return mechanism may be considered as a special case of the  branched reaction 
scheme of equation (1); the expression for the observed rate constant is the same. Thus, k2 
represents collapse of intermediate back to starting material, and k? reaction to product. 
Accordingly, the calculations for the temperature-dependencies of the isotope effect on the 
observcd rate constant k , ,  arc valid for this type of reaction. 


Melander and Saunders have pointed out that an anomalous value for the observed ratio of 
Arrhenius preexponential factors AIA ' may also arise from two parallel reactions which give 
the same product." However, no unusually large isotope effect can originate from such 
competing reactions. 


CONCLUSIONS 


The calculations clearly show that anomalous Arrhenius parameters may be obtained for 
branched reactions. The requirements for observation of parameters that mimic tunneling, 
i .e. ,  an unusually large primary kinetic isotope effect and AH/AD < 0.6 are: 
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(i) the two processes should have quite different kinetic isotope effects and follow a common 
rate-limiting step substantially sensitive to isotopic substitution, and 


(ii) the rate of the reaction which is more sensitive to isotopic substitution should increase 
more with temperature than the competing side reaction; the latter can be an order of 
magnitude slower than the main reaction. 
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NMR STUDIES ON THE RESTRICTED ROTATION 


DERIVATIVES 
OF 1-[2-(1-PHENYL)PROPYL]-2,5-DIMETHYLPYRROLE 


CHOJI KASHJMA, TATSUYA MAKUYAMA, YOKO FUJIOKA. AND KAZUO HARADA 
Departmenr of Chemurry, Unrversrfy of T$ukuha, Sakura-mura, Niihari-gun, Iharaki 305, Japan 


ABSTRACT 


From the 'H-NMR spectra of the various pyrrole compounds. 1-  substituted 2,5-dimethylpyrroles having 
two substituent groups on the carbon adjacent to the nitrogen atom were found to be very much hindered 
compounds. 1-[( l-Substituted)-2-phenylethyl]-2,5-dimethylp~rr~les showed the restricted rotation. and 
the phenyl group of the most stable conformer was in close proximity to  the pyrrole group due to dipole 
interaction. These NMR observations were supported by force field conformational analysis. 


Previously, we have investigated the utility of the pyrrole ring as a protecting group of 
N-terminals in peptide synthesis. ' In the course of these investigations, we prepared a large 
number of pyrrole compounds, especially 1-substituted pyrroles. When the NMR spectra were 
measured in order t o  ascertain their structures. some unexpected phenomena were 
incidentally observed in the 'H-NMR spectra of 1 -substituted 2,s-dimethylpyrroles ( I ,  2,  and 
3) compared with those of 1-substituted pyrroles (4, 5, and 6). 


(2) (3) (41 (5)  


I: R4-I b: A-Me c: R-CH2Ph d: R-CH20H 


I: R-CH20Me f: R-C02H g: R=COpMa h: R-CHO 


First of all, the methine proton adjacent t o  pyrrole nitrogen (H-1) of 1-substituted 
2,5-dimethylpyrroles (2) appeared at  about 0.1 ppm lower field than those of analogous 
pyrroles ( 5 )  as summarized in Table 1.  On the contrary, the methylene signals of 1 appeared at  
0.1 ppm higher field than those of pyrrole analogues 4, Namely, the larger anisotropic effect of 
dimethylpyrrole ring was observed in the  case of 2 compared with the case of 1. This fact 
indicated that t he  H-1 proton and the pyrrole ring should be coplanar in the case of 2. Since 
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Table 1. 'H-NMR Signals of H-1 for 1, 2, 4, and 5 
~~ 


R 4 1 4 - 1  5 2 5 - 2  


H 3.63 3.35 0.28 
Me 3.90 3.77 0.13 4.23 4.39 -0.16 
PhCHp 4.07 3-89 0.18 4.22 4.35 -0-13 
COzH 4-61 4.51 0.10 4.77 4.88 -0.11 
COzMe 4-60 4-47 0.13 4.75 444 -0-09 


Table 2. The potential energy and the rotational angle (0) 
in 2b by force field calculation 


Me 


Rotational Angle (") Potential Energy (kcal/mol) 


0 
30 
60 
90 


0 
9.8 


16.0 
330.5 


this was expected to be caused by the steric interaction between the two &-methyl groups on 
the pyrrole ring and the two substituent groups on the carbon (C-1) adjacent to nitrogen atom, 
the conformational analysis of 1-(2-propyl)-2,5-dimethylpyrrole (2b) was undertaken using 
force field calculation. The results in Table 2 supported that the methine proton of 2b was 
located on the plane of the pyrrole ring in the most stable conformation. 


Secondly, an unexpected 'H-NMR spectrum was observed in the case of 1-[2-(1- 
phenyl)propyl]-2,S-dimethylpyrrole (3b), compared with that of 1-(2-propyl)-2,5- 
dimethylpyrrole (2b). Compound 3b is the phenyl substituted analog o f  2b on the terminal 
methyl group. The a-methyl signal of 3b appeared at S 2.16ppm, while that of 2b appeared at 
8 2.27ppm. Since the a-methyl group was separated by 4 atoms, the inductive effect of the 
phenyl group should be negligible at the &-methyl group. Therefore, this higher field shift 
indicated that the methyl groups on the pyrrole ring were susceptible to the anisotropic effect 
of the phenyl group through space. 


Moreover, the a-methyl signals on the pyrrole ring of 3b were found to be very short in their 
peak height and rather broad. A lowering of the temperature caused the splitting of this signal 
and two sharp singlet signals at b 2-50 and 1.93 ppm were observed at -50 "C. Also the singlet 
signal of the P-protons on the pyrrole ring appeared at S 5.71 ppm at room temperature, while 
a pair of doublets of 6-protons were observed at 6 5-84 and 5-69ppm at -50°C. The signals 
other than those of the a-methyl groups and p-protons on the pyrrole ring were not changed by 
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Table 3. 'H-NMR Data on the pyrrole ring of 2, 3, 5 and 6 


Compound R 6, (ppm) bP (ppm) Coalescent AC* (kcalimol) 
Temperature (K) 


2a 
2b 
2d 
2f 


2h 
3a 
3b 
3d 
3e 
3f 


3h 
5a 
5b 
5f 
5g 
Sh 
6a 
6b 
6d 
6f 


2g 


3g 


6g 


H 
Me 
CHZOH 
C02H 
COzMe 
CHO 
H 
Me 
CHzOH 
CHzOMe 
C02H 
C02Me 
CHO 
H 
Me 
COZH 
C02Me 
CHO 
H 
Me 
CHZOH 
CO2H 
C02Me 


2-20 
2.27 
2.25 
2.20 
2.17 
2.16 
2.09 
2.17 
2.14 
2.09 
2-00 
1.95 
I .91 
6.64 
6.71 
6-72 
6.73 
6-70 
6.57 
6-62 
6.67 
6-67 
6-70 


5.74 
5.72 
5.73 
5.78 
5.77 
5-83 
5.75 
5.71 
5.71 
5.68 
5-74 
5.72 
5.79 
6.12 
6.13 
6.19 
6.37 
6.26 
6.11 
6.10 
6.14 
6.14 
6-13 


* *  
**  
**  
**  
**  
**  
* 


273 
288 
298 
243 
233 **  
**  
* *  
**  
* *  
** 
* 
* 
* 
* *  
** 


* 
**  Not measured. 


No coalescent point was observed. 


the temperature reduction. From these phenomena, the two isomers should reach equilibrium 
rather slowly when compared with the NMR time scale. Thus the activation free energy AG* 
of this conversion was evaluated to be 15.8 kcal/mol from the coalescent temperature of 0°C. 
Similarly 1-[(l-substituted)-2-phenylethyl]-2,5-dimethylpyrroles (3j, the analogs of 3b, 
showed the a-methyl peaks at higher field. Also, the coalescent temperatures were observed 
in the cases of 3c-3h by the 'H-NMR measurement at various temperatures, summarized in 
Table 3. Table 3 indicates that substrates possessing a bulky substituent group on the carbon 
(C-1 j adjacent to the pyrrole nitrogen showed a higher AG* . On the other hand, neither the 
corresponding 2,5-unsubstituted pyrroles (6) nor 1-(2-phenylethyl)-2,S-dimethylpyrrole (3a) 
showed any change in their 'H-NMR spectra, even at an extremely low temperature of 
-90°C. In addition, 3b did not possess any C=C or C=O double bond functionality, or more 
than two asymmetric carbons. From these facts. the structural conversions were not based on 
stereoisomerism, tautomerism or geometrical isomerism, but on the restricted rotational 
isomerism. Since the H-l proton signal of 3b appeared at 6 4.35 ppm without any change of the 
signal shape and chemical shift by the temperature reduction, the bond-rotation along the C-1 
and N bond was suggested to be frozen even at room temperature with the C-1 and H-1 bond 
coplanar with the pyrrole ring. Furthermore, from the fact that a-methyl protons on the 
pyrrole ring appeared at higher field by the anisotropic effect of the phenyl group and that the 
methylene protons adjacent to the phenyl group appeared as a double AB quartet with J =  
13.2 Hz, these conversions could arise from the restricted rotation along the bond between C-1 
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and C-2 on the I-substituent group. and the pyrrole ring should be spatially close to the phenyl 
plane in the most stable conformer of 1 -[( 1 -substituted)-2-phenylethyl]-2,5-dimethylpyrroles 
(3). 


A-G 6-6 


Figurc 1 


Here, three conformers A-G, G-A and G-G in Figure 1 were speculated to be the most 
stable ones. Since the phenyl group had one pyrrole on the anti position and one methyl on  the 
gauche position, the G A  conformer should include a small guuche repulsion. In the case of the 
A-CJ conformer, the phenyl group is located on the gauche position from the pyrrole group and 
on the anti position from the methyl group. Therefore. the interaction between the pyrrole and 
phenyl groups should be the main contributors. However, Barton reported that pyrrole 
interacted with benzene due to dipole interaction.' This interaction was similarly observed in 
the case of 1,2,5-triniethylpyrrole (la) from the fact that the 'H-NMR signals in CDCL, were 
remarkably shifted in C6D(,. Although both the pyrrole and phenyl group were bulky, the 
approach of the two groups should cause cnergy stabilization by dipole interaction. 


On the other hand, the phenyl group of the G-G conformer is located at the gauche position 
from either the pyrrole or methyl group, and affected either the gauche repulsion from the 
methyl group or the interaction from the pyrrole group. As mentioned before, the plane of the 
pyrrole ring was fixed on the plane consisting of the H-1. C-l and nitrogen atoms in the cases 
of 1-subststituted 2,s-dimethylpyrroles having the two substituent groups on C-1. Thereby, in 


Table 4. The potential energy with the rotational angle 
between C-1 and C-2 in 3b by force field calculation 


Rotational Angle" (") Potential Energy 
(kcalimol) 


30 
45 
60 (A-G) 
75 
90 


105 
120 (Eclipsed) 
150 
165 
180 ( G A )  
300 ( G G )  


2.5 
0 
0.6 
3.2 
4.2 
4.3 
4.3 
2.3 
1.9 
4.1 


116.5 


*For the energy minimization, the rotational angle between 
C-2 and the phenyl group was approximately given in the 
range of 4.5" to 135". 
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the G-G conformer of 3, the a-methyl group on the pyrrole ring was in close proximity to the 
phenyl group, and a large non-bonding repulsion should be additionally expected. 


After all, the most stable conformer could be the A-G form, where the phenyl group caused 
a higher field shift of 'H-NMR signals on the pyrrole ring by the anisotropic effect of the 
benzene ring. In order to support the above speculations. the energies of each conformer of 3b 
were evaluated by force field calculations. The results arc summarized in Table 4, in which the 
A-G conformer was the most stable and the G-A conformer was 2 kcal/mol less stable. The 
G-G conformer showed an extremely large steric hindrance between the a-methyl and phcnyl 
groups, and would be impossible to exist. Furthermore, the rotational barrier between A-G 
and G A  conformers was evaluated to be more than 4 kcalimol in the eclipsed form. Although 
the rotational barrier was underestimated by force field calculation, the detection of the 
conformers by restricted rotation was suggested to be possible. 


In conclusion, the 1-[(1-substituted)-2-phenylethyl]-2,5-dimethylpyrroles (3) were very 
hindered compounds, and the bond rotation between C-1 and C-2 was observed to bc 
restricted by means of 'H-NMR. Further, the 'H-NMR spectra gave the conclusion that the 
phenyl group of the most stable conformer was in close proximity to pyrrole group due to 
dipole interaction. 


EXPERIMENTAL 


The 'H-NMR spectra were taken on  JEOL- 100 spectrometer, in deuteriochloroform solution 
using TMS as an internal standard. In the case of the measurement below -60"C, deuterated 
methanol was used as a solvent. Since the CAMSEQ-I1 program was about two orders of 
magnitude faster including the parameters of hetero atoms,' the force field conformational 
analyses of the pyrrole compounds were calculated based on the coordinated of the pyrrole 
ring4 using the MFO program5 which was a modified program from CAMSEQ-11. 


Materials. 


The 2,5-dimethylpyrrole compounds were prepared mainly by the condensation of the 
corresponding amino compounds with 2,5-hexanedione, and the 2,s-unsubstituted pyrrole 
compounds were prepared by the reaction of the corresponding amino compounds with 
2,5-dimethoxytetrahydrofuran. Since the use of the restorative 1-phenyl-2-propylamine is 
restrained, 1-[2-( 1-phenylpropyl)]pyrroles (3b and 6b) were prepared from the corresponding 
1-[2-( l-phenyl-3-hydroxypropyl)]pyrroles (3d and 6d) by tosylation and lithium aluminium 
hydride reduction. 


1-[2-( l-Phenyl)propyl]-2,5-dimethylpyrrole (3b). Bp 70 "C (4mmHg); IR (CHC13) 1500, 
1450, 1400, 1300, and 700cm-'. Analyses calculated for C15H19N: C, 84-45; H,  8.97; N, 6.56. 
Found: C ,  84-30; H, 9-04; N, 6.54 %. 


1-[2-( 1-Phenyl)propyl]pyrrole (6b). Bp 60 "C (4mmHg); IR (CHC13) 1490, 1450, 1270, 1090, 
and 700cm-'. Analyses calculated for Cl3HIsN: C, 84.27; H,  8-16; N, 7.56. Found: C, 84.28; 
H, 8.19; N, 7.48 %. 
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ABSTRACT 


The photochemical reaction of MAQO with various aromatic amines were studied by ESR. The results 
show that nitroxide radicals are stable productrs of the photooxidation of both diphenylamines and 
phenylamines. The photolyzed phenothiazine does not yield nitroxide as the final product, instead it 
gives the neutral radical as the stable final product. 


INTRODUCTION 


We have reported'.* the result of the ESR studies of nitroxide radicals generated 
photolytically from heterocyclic N,N-dioxides. 


C=N- double bond in the excited triplet N,N'-dioxides undergo a 
photochemical transfer, leading to the formation of nitroxide biradicals from binitrones, and 
the biradicals so formed may abstract hydrogen from the solvent chloroform giving 
monoradicals. We also reported3 that the photolysis of chloroform solutions containing 
MAQO and dialkyl aminines leads to the observation of ESR spectra of the corresponding 
dialkyl nitroxides. Oxygen transfer exciplex which derived from the triplet state of MAQO is 
suggested as an intermediate to give nitroxide through N-H bond cleavage in the secondary 
amine within exciplex. 


In a recent spectroscopic investigation of aromatic amine, Lin and Retsky4 have observed 
some photochemical behavior of diphenylamines and phenothiazines. Both diphenylamines 
and phenothiazines yield nitroxide radicals as the final products upon photolysis in the 
presence of air as evidenced from the observed ESR spectra. 


In this paper, we wish to report the photochemical behavior of MAQO in the presence of 
aromatic amines. Our results show that nitroxide radicals are the stable products of the 
photooxidation of both diphenlyamines and phenylmethylamines, while neutral radicals are 
the stable product of the photolyzed phenothiazines in the presence of MAQO. 


\ 


/ 
It is shown that two 
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EXPERIMENTAL 


Materials 


MAQO was prepared according to the procedures described in literature.s Diphenylamines, 
phenylmethylamines and phenothiazines were purchased from Aldrich Chemical Co. 
Chloroform as solvent was dried and distilled under argon prior to use. 


Preparation of Sample 


Samples (concentration -1013~) were carefully introduced into 4 mm O.D. quartz tubes, 
which were sealed under vacuum after several freeze-thaw-degassing cycles. 


ESR Spectral Measurements: 


ESR spectra were recorded on a Varian E-115 X-band spectrometer in our studies. The 
sample was placed in the cavity of ESR apparatus. Irradiation of samples in situ was achieved 
with a 150W xenon lamp. All experiments were performed at room temperature. Magnetic 
parameters were derived by simulating the spectrum using a computer program on Varian 
E-936 computer. 


RESULTS AND DISCUSSION 


No ESR signal was detected from the deoxygenated MAQO in chloroform before 
photoirradiation. Figure 1 shows the ESR signal of MAQO i n .  chloroform after 
photoirradiation. When MAQO and aromatic amines were mixed in the chloroform, no ESR 
signal was obtained before the commencement of photoirradiation. The experimental results 
obtained from photolysis of the mixed solution by UV irradiation are now presented in detail. 


Figure 1 .  ESR specrum of MAQO in chloroform after irradiation at room temperature 
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Figure 2. ESR spectrum of MA00-diphenylamines in chloroform, after irradiation at room temperature 


The spectrum obtained from the photoreaction of MAQO-diphenylamines system, when a 
degassed solution of MAQO-diphenylamines was irradiated, is given in Figure 2. This 
spectrum is identical with that of diphenylnitroxide in benzophenone reported in Reference 4.  
We therefore assign this spectrum to diphenylnitroxide radical. ESR magnetic parameters 
with g = 2.0057, uN = 9-80, u:,,, = 1.80, uZ0.80G have been obtained. 


Photoreaction of MAQO-phenylmethylamines system. The photolysis of a mixture of 
MAQO and phenylmethylamines in chloroform led to the observation of a well-resolved ESR 
spectrum shown in Figure 3 .  This spectrum is very similar to the reported spectrum of 
phenylmethylamines' derived from the oxidation of corresponding amine with p -  
nitroperbenzoic acid. The spectrum can fit with the following paremeters uN = 11-00, 
a&,, = 10.40, u : , ~  = 2-90, a:, = 1-00G. 


A direct conclusion from our experimental results is that the oxygen in the 
diphenylnitroxide and phenylmethylnitroxide come from the  MAQO, and the nitroxides are 
formed in the process of photooxidiation of the diphenylamines and phenylmethylamines with 
the photoexcited MAQO as the oxidizer. 


+ H  ' I  I ' 1 ,5G , 


Figure 3.  ESR spectrum of MAQO-phenylmethylamines in chloroform after irradiation at room temperature. a. 
Experimental Spectrum; b. Simulated Spectrum. 
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We suppose that similar to the case involving secondary amines the intermediate responsible 
for the formation of a stable nitroxide radical is also the oxygen transfer exciplex which was 
produced according to the following scheme: 


MAQO(S~)) ~ " M A Q O ( S , )  
I.S.C. 


MAQO(S1) - MAQO(T1) 


MAQO(T,) + A - Exciplex 


I' 
E 


The homolysis of a-bond of N-H in the amine part of the transient species E leads to the 


formation of stable diphenylnitroxide(phenylmethylnitroxide), the leaving H atom can be 
scavenged by environmental molecules or decay through dimerization. 


However, photolysis of the MAQO-phenothiazines system produced an ESR spectrum 
shown in Figure 4a. This spectrum cannot be assigned to the nitroxide radical, but it can be 
satisfactorily computer-simulated (Figure 4b) on the basis of uN-= 7.07, ut;'.~ = 3-75, 


= 2-75, u';'.~ = 1.00, u!& = 0.80G and we therefore assign the spectrum to phenothiazine 
neutral radicals. 


19-2.0047 


Figure 4. ESR spectrum of MAQO-phenothiazines in chloroform, after irradiation at room temperature. a. 
Experimental Spectrum; b. Simulated Spectrum. 
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In contrast to diphenylamines and phenylmethylamines, the photolyzed phenothiazines 


The possible photochemical processes of phenothiazines are: 
does not yield nitroxide as the final product. 


MAQO(T,) + RNH - MAQO' + RNH ' - M A Q O H - t R N -  
H 
I 


where RN. = is phenothiazine neutral radical. 


It is clear that MAQO is an effective hydrogen abstractor via its photoexcited triplet state. 
The excited triplet species might abstract a hydrogen atom from nitrogen in phenothiazine 
molecule to give a phenothiazine neutral radical. The phenothiazine is a good hydrogen 
donor. We have shown previously7 that the photolysis of C 0 2  (CO), (PBu,)~ with 
phenothiazine in toluene yield phenothiazine neutral radicals. According to this result we 
suggest that photogenerated Co(CO), (PBu,) might abstract a hydrogen atom from nitrogen 
in phenothiazine to give a neutral radical. 


We conclude that excited triplet species of MAQO can act either as a good oxygen donor, or 
as a good hydrogen acceptor. 
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ABSTRACT 


ESR spectra of I-cyano-2-(trimethylsilyl)ethyl and related radicals were recorded. Temperature 
dependent ESR spectra of these radicals revealed that electron-releasing trimethylsilylmethyl and 
etectron-withdrawing cyano groups synergetically functioned to stabilize the radical centers duc to ( ~ n  


captodative effects. 


INTRODUCTION 


It has been demonstrated that radicals having an Si atom at the P-position are stabilized by o-n; 
conjugation, although the magnitude of this interaction is estimated to be relatively small. 


In a previous paper, we have reported that a combination of trirnethylsilylmethyl and cyano 
groups exerts an enhanced radical stabilizing influence due to the u-n captodative effect.' In 
the l-cyano-2-(trimethylsilyl)ethyl radical (l), the interaction between the o(Si-C) and the 
SOMO 2p orbitals is considered to be larger than that oberved in the 2-(trimethylsi1yl)ethyl 
radical ( 2 ) ,  since the energy level of the 2p orbital in 1 is lowered in some extent due to the 
interaction with the n;* orbital of the cyano group as shown in Figure 1. 


M q S i d C N  M e j S i L "  


Figure 1 .  Interaction of n(Si-C) and 2p orbitals in I-cyano-2-(trirnethylsilyl)ethyl (1) and 2-(trimethylsilyl)ethyl (2) 
radicals 
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One possible way of estimating the magnitude of such an effect may be provided by ESR 
measurements. For example, I-(trimethylsilylmethyl)ally13 and 1,3-bis(trimethylsilyI)-2-propyl 
radicals4 were studied by ESR and the magnitude of o-n conjugation was analyzed in terms of 
their conformation and rotation barriers. In this paper, we present some ESR experimental 
evidence for such an effect on e n  stabilized radicals. 


RESULTS AND DISCUSSION 


Generation and ESR Spectra of Radicals 


l-Cyano-2-(trimethylsilyl)ethyl and related radicals (1,3,4) were generated by addition of the 
trimethylsilyl radical to substituted acrylonitriles. Thus photolysis of solutions of di-t-butyl 
peroxide (DTBP), trimethylsilane, and an acrylonitrile derivative in cyclopropane gave well 
defined ESR spectra. The temperature-dependent ESR spectra of 1 and 4 are shown in 
Figures 2 and 3, respectively, together with simulated spectra. 
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-134'C 
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Figure 2. The temperature-dependent ESR spectra of 1 (left) and computer-simulated spectra obtained with the 
designated rate constants (right) 
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CN 


M e j S i A S i M e 3  


Figure 3. The temperature-dependent ESR spectra of 4 (left) and computer-simulated spectra obtained with the 
designated rate constants (right) 


1: R = H 3: R = Me 4: R = CH2SiMe3 


At -134°C two methylene protons of I have different coupling constants, and its ESR 
spectrum consists of a doublet of doublets of doublets which further splits into triplets by 
nitrogen. As the temperature rises, selective line-broadening occurs, and at -71 "C the 
spectrum shows a pattern of a doublet of triplets of triplets. This change can be attributed to 
freezing the free rotation of the Si-C(p) bond. Similarly ESR spectra of 4 show a triplet of 
triplets of triplets at low temperatures, and a quintet of triplets at high temperatures. These 
radicals are relatively stable and can be observed even at room temperature. 


The ESR spectrum of 3 at -91 "C is shown in Figure 4. At this temperature, two methylene 
protons become nearly equivalent and the spectrum consists of a quartet of triplets of triplets. 
The values of hyperfine splitting constants (hfsc) of these radicals together with literature 
values are listed in Table 1. 
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Figure 4. The ESR spectrum of 3 at -91 "C (above) and the simulated spectrum (below) 


Table 1. Proton hfsc's of I-substituted I-cyano-2-(trimethylsilyl)ethyl and 
related radicals, MCH2CRCN 


Radical M R T/"C a(cw)lG a(P)/G a(N)/G Reference 


5 H H  25 19.65 23.05 3.48 5 
1 SiMe3 H -134 19.0 12.7,16-8 3.3 this work 


30 19.0 15.6 3.3 
3 SiMe3 Me -91 19.6" 13.6 3.2 
4 SiMe3 CH2SiMe3 -111 11*0,14.3 3.2 


30 13.6 3.2 


I, 


I, 


"Methyl proton hfsc. 


Preferred Conformation of the Radicals at Low Temperatures 


The degree of cwc  conjugation of 2-silylethyl radicals is considered to be most effective in the 
bisected conformation. Indeed, preferred conformations of several 2-silylethyl radicals have 
been determined by ESR and reported to be nearly bisected  one^.^,^ As the dihedral angle I# 
becomes smaller, overlap between the Si-C bond and the p orbital becomes more efficient. 
Therefore, the dihedral angle can be regarded as a measure of the degree of e-7~ conjugation. 


I 


Conformational analysis of the radicals is carried out using the simple cos28 rule for the 
P-proton coupling6 (equation 1) and the McConnell relation for the a-proton coupling7 
(equation 2), where p is the JC spin density on the radical center and B and Q are constants. 
Equation 3 is derived from equations 1 and 2. 
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The value of BlQ is estimated to be 2-346 from the value of hfsc’s of the 2-propionitrile 
radical (S),’ where cos28 for a freely rotating methyl group is 0.5. For the radical 4, 8 is 
calculated using equation 4, where the value of B p  is estimated to be 39.2 from a(CH3) of the 
2-cyano-I-trimethylsilyl-2-propyl radical 3. The dihedral angle t# is calculated from equation 5 
by assuming that C(a)-C(P)-M planes bisect the H(fl)-C(P)-H’(P) angles. The 
calculated values of 8, 8’, and I) are listed in Table 2. 


8’-8 q)=- 
2 


( 5 )  


These values together with consideration of the steric repulsion between the SiMe3 group and 
substituent(s) on C(a),  suggest the orientation of the SiMe3 group in the preferred 
conformation to be shown in Figure 5 .  


The most stable conformations of other 2-silylethyl radicals (6 and 7) reported earlier”‘ are 
also listed in Table 2, and are illustrated in Figure 6. The substituents on C ( a )  in 7, 6, and 1 
refer to the C (conjugated), X (electron-releasing), and Z (electron-withdrawing) substituents 
according to Houk’s c las~if icat ion.~.~ Among these, 1 has the most effective overlap between 
o(Si-C(p)) and 2p orbitals. Since the relative energy levels of u(Si-C(p)) and 2p orbitals are 
considered as shown in Figure 7,9 interaction betwen a(Si-C(p)) and 2p orbitals with the CN 
substituent is the strongest even if I)’s were the same among 1,  6, and 7. Therefore, u-z 
conjugation of 1 is considered to be stronger than that of systems with C or X substituents. 


Spin Density at Radical Centers 


Relative stability of radicals having a similar structure can be evaluated by the degree of 
delocalization of the odd electron, that is, spin density at radical centers. A recent study on the 
captodative radicals has revealed that the combined action of electron-withdrawing and 
electron-releasing groups shows enhanced decrease on spin density. 10a311-12 Therefore, one of 


Table 2. Dihedral angles in the preferred conformations of 
substituted 2-(trimethylsily1)ethyl radicals, Me3SiCH2CRR’ 


~ 


Radical R R’ T/”C 0 0’ Reference 


1 H CN -134 52.1 57-7 2.8 this work 
4 CN CH2SiMe3 -111 52-8 58.0 2.6 I ,  


6 H CH2SiMe3 -158 48.6 5843 5.1 4 
7 H CH=CH2 -173 45 65 10 3 
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Figure 5. The preferred orientation of the trimethylsilyl group against the substituent(s) on the radical center 


CH=CHz = C subsliluent CHzSiMe) = X subslituent CN = Z substituent 


Figure 6. Comparison of v's of 2-silylethyl radicals having different kinds of substituents 


2P 


3- CHzSiMe3(X substiluent) 


,',+ CH=CHz (C subslituent) 


,'It',+ CN (Z substi tuent) 
,I,;#' 


Figure 7. Interaction of o(Si -C)  and 2p orbitals in I-substituted 2-(trimethylsilyl)ethyl radicals 


the best ways to examine whether the captodative effect is operative for a radical may be 
provided by measuring the spin density of the radical in question. 


The spin density is related to the hfsc of a-protons and can be calculated by equation 2, 
where Q is 23.0 (G) in the case of planar radicals. Since the cyano group has been reported to 
induce a planar configuration at radical centers," and (F-JC conjugation in the 2-silylethyl 
radical is considered to be most efficient when the radical center is planar, it is assumed that all 
the radicals in Table 3 have planar configuration. Therefore, the spin densities in a series of 
radicals in Table 3 can be compared each other by using values of .(a). Substitution of both 


Table 3. a-Proton hfsc's of substituted methyl radicals, 
HCRR' 


Radical R R' T/ "C a(a)/G Reference 


8 H H -177 23.04 14 
2 CH2SiMe3 H -112 21-05 15 
9 CN H 25 20.88 5 
6 CH2SiMeJ CH2SiMe3 - 78 20-20 4 


10 CN CN 19.6 5 
1 CH2SiMe3 CN -134 19.0 this work 
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trimethylsilylmethyl and cyano groups decreases the spin density and the effect is larger for the 
cyano group (2, 9). Introduction of a second group with a similar donor-acceptor character 
further decreases the spin density (6, lo), but in a diminished degree compared with the first 
introduction (2,9>. When trimethylsilylmethyl and cyano groups are introduced simultaneous- 
ly at the radical center like in I, the spin density becomes smaller than that of 6 and 10. These 
results are compatible with the concept of the captodative effect. 


Next, we will discuss the extent of spin delocalization in 1-substituted ethyl radicals, 
CH3CRR’ by using ESR parameters in order to obtain further information on spin coupling 
constants due to the methyl group. When a-proton of the .CHRR’ radicals is replaced by a 
methyl group, the spin density can be calculated by the relation of the coupling constant for 
the methyl group and the spin density on the radical center (equation 6).16 On the other hand, 
the spin density (pcalc) may be estimated by equation 7 as suggested by Fessenden and Schuler, 
since a substituent Ri attached to the radical center reduces the spin density on that center by a 
constant fraction A ( R ~  


a(CH3) = 29.30p0b (6) 


Values of &bs are listed in Table 4 and values of A(R)” of trimethylsilylmethyl and cyano 
groups are calculated by using Pobs of 11 and 5.  The value of A(CH3) = 0.081, are also listed. 
The values of pcalc of 12 and 3 are calculated with these A(R)’s, and listed in Table 4. Good 
agreement between calculated and observed values of spin densities is noted. However, Pobs of 
3 is smaller by 0.041 than pcalc. This means that the degree of spin delocalization in 3 is more 
extensive than the expected effects by a simple combination of trimethylsilylmethyl and cyano 
groups. In other words, both substituents function clearly cooperatively for the captodative 
effect. 


Barriers to Rotation 


In 2-silylethyl radicals, stabilization energy by (FJC conjugation is maximum in the eclipsed 
conformation and is minimum in perpendicular conformation between the silyl group and the 
JC SOMO. Rotational barriers of the Si-C(p) bond around the C(a)-C(p) bond can 
therefore be regarded roughly as the stabilization energy by cr-JI conjugation. 


As shown in Figures 2 and 3, freezing of rotation of the trimethylsilyl groups in 1 and 4 is 
observed in the temperature dependent ESR spectra simulated by assuming the two-jump 


Table 4. Spin density of the radical center in I-substituted ethyl radicals, CH3CRR’ 


Radical R R’ T/”C a(CH3)/G Pobs A(R) pcarc Reference 


11 CH2SiMe3 H - 60 24.3 0.829 0.098 - 18 
5 CN H 25 23-05 0.787 0.144 - 5 


12 CH2SiMe3 CH2SiMe3 -81 21.85 0.746 - 0.748 4 
3 CH2SiMe3 CN -91 19.6 0.669 - 0.710 this work 
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model. The rate constants of exchange (k) are determined by comparison of the experimental 
spectra with the simulated ones. 


The plots of In k vs. T' and In klT vs. T-' are shown in Figure 8. Activation parameters 
were determined using the following equations and listed in Table 5 .  


E a  I n k  = - - + 1nA 
RT 


k A P  ASi lk 
In--=----- + - + I n -  


T RT R h (9) 


AGi = RT(1n T - In k) (10) 


Unfortunately, the activation parameters of the unsubstituted 2-(trimethylsilyl)ethyl radical 
have not been reported, and therefore, it is impossible to estimate the increment of E,, AM, 
and AGi of 1 due to the introduction of a cyano group. However, the comparison of the 
parameters of 1 with 6 and 7 reveals that E,,  AM, and AGi of 1 is significantly larger than 
those of C- and X-substituted radicals. Therefore, (FX conjugation in the presence of a cyano 
group is found to be stronger than those of unsubstituted 2-silylethylradicals. 


1 :ol r=0.999)  


4 . 5  6 7 6 9 
1 0 3 / T  ( K - ' )  


1 :o(r=0.992) 


4 :*lr=0.993) 


10 


'3 L 5 6 7 8 9 
I 0 3 / T  (K-') 


Figure 8. Plots of In k vs. T- * and In klT vs. T ' for the hindered rotation about the C(LY)-C(P) bond of radicals 1 
and 4 
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Table 5.  Comparison of the activation parameters for the hindered rotation about the 
C(ol)-C(p) bond of radicals 


Radical E," lo@ A P  AS" AGf73Ka Reference 


Me3% \ j \ C N  (1) 3-7 12.5 3.4 -2.3 3.8 this work 
Me3Si & SiMe3 (6) 3.0 12-3 2.7 -2.7 3.2 4 
MeJSi - (7) 3.1 12.6 3 


CN 
Me& SiMel (4) 7.4 16.0 7.0 13.6 4.7 this work 
Me$ \)v SiMe3 (12) 8.8 18.1 8.5 23.2 4.5 4 


"kcal mol ' 
"cal mol-' K ' 


In the case of 4, E,, A#, and AG*,73K are far larger than those of 1. This may partly be 
explained by the steric effect of the cyano group because of the flip-flop motion of the radical 
should be considered to proceed with a non-concerted correlated mode (Figure 9) and one 
trimethylsilyl group must interact with the cyano group in this process. Equation 11 is used to 
evaluate the increment of AC* by the steric effect, as it has been successfully applied to 
2,2'-disubstituted biphenyl and other systems. l9 


AC&40K(kJ mol-') = 262r* + 4.7 (11) 


Apparent overlap of the van der Waals radius r* was calculated using appropriate bond 
lengths, angles and van der Waals radii shown in Figure 10. With these values, the increment 
of A G O K  for the steric effect was calculated from equation 11 and found to be 
AAG&,K(Me-H) = 2-0 (kcalhol) and AAG$,OK (CN-H) = 1.3 (kcal/mol). Although these 


@=SiMe3, .=C, o = H  


Figure 9. Mechanism for the flip-flop motion of 1,3-disubstituted 2-propyl radicals 


Figure 10. Overlap of the van der Waals radii of the trirnethylsilyl group and a substituent on C(0r) in the process of 
the flip-flop motion of 1,3-disubstituted 2-propyl radicals 
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values are calculated at different temperatures, it is reasonable to assume that the increment of 
AGf73K for the steric effect is largest in the case of the methyl group among others. 


The unusual increment of ACi73K of 4 may also indicate the existence of u-n conjugation 
enhanced by the captodative effect in addition to the steric repulsion. However, further 
discussion of the activation parameters may not be relevant because of the uncertainty of the 
figures. 


In conclusion, temperature dependent ESR spectra of a series of radicals provided a strong 
support for the o-n captodative effect. 


EXPERIMENTAL 


Materials 


Trimethylsilane (Petrarch Systems Inc.) and cyclopropane (Takachiho Chemical Inc.) were 
obtained commercially and used without further purification. Acrylonitrile and methacrylonit- 
rile were obtained commercially and distilled before use. Di-t-butyl peroxide (DTBP) was 
purified according to literature.3 


ESR Measurement 


A mixture of a nitrile, trimethylsilane, DTBP, and cyclopropane (v/v 1 :4:2:4) was degassed 
and irradiated by a 500 W super-high pressure mercury lamp (Ushio) in a cavity of a Varian 
E-12 ESR spectrometer. Temperatures were controlled by a Varian variable temperature 
apparatus and calibrated by a Cu-constantane thermocouple to within k 2 "C. 


Simulation 


Computer simulation was carried out with the program of ESREXN (QCPE No. 209) at the 
Calculation Center of Tohoku University. 
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ACIDITIES OF RADICAL CATIONS DERIVED 
FROM ARYLACETONITRILES 
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Depuriment of Chemisiry, Northwesiern Utiiwersiry, Evunston, IL 60208, USA 


ABSTRACT 


The equilibrium acidities of phenylacetonitrile, and 20 of its m- and p-substituted derivatives have been 
measured in Me2S0 solution. Their pK,'s plot linearly with those of the corresponding anilines. 
Combination of the pK,'s of these acids with their oxidation potentials, &,,(HA), and those of their 
conjugate bases, Ec,x(A-), provide an estimate of the acidities of the corresponding radical cations. The 
pKI,*+ values for ArCH2CN+', where Ar is Ph, 1 -  and 2-naphthy1, and 9-anthry1, are -32, -18.5, 
-17.5, and -1 I ,  respectively, compared to 21.9,2045.20.6.5, and 19.8 for the corresponding ArCHzCN 
acids. Acidities of PhCH(Me)CN+., PhZCHCN+', 9-CN-FlH+ . and Y-CN-XnH+' are -33, -3.5, -25, 
and -27, respectively, compared to 234, 17.5.8.3, and 13.6 for the corresponding acids from which they 
were derived. The homolytic bond dissociation energies (BDEs) for the benzylic C-H bonds in these 
arylacetonitriles, estimated by combining pK,lA with &&(A-), fall in the range of 69 kcalimol for 
9-CN-XnH to 82 kcalimol for PhCHZCN. For GC,H4CH2CNt radical cations the acidities are 
decreased, relative to G = H, when G is an electron donor substituent and increased when G is an 
acceptor. The BDEs of the benzylic C-H bonds in GC6H4CH2CN are weakened by up to 4 k c a h o l  by 
para donors and strengthened by up to 1.2 kcalimol by m- or p-acceptors. The significance of these 
changes in BDEs with regard to the use of 0' scales and the AAOP method for estimating substituent 
effects on radical stabilities is discussed. 


INTRODUCTION 


The cyano function is strongly electron-withdrawing and has minimal steric demands. Its 
introduction into any hydrocarbon acidifies the a-hydrogen atoms sufficiently to allow the pK, 
of the resulting cyanocarbon to be measured in MezSO solution. For example, 
phenylacetonitrile is estimated to be about 21 pK,, units more acidic than toluene, which is 
much too weakly acidic to measure in Me2S0. Our initial objective in this research, which was 
begun over 10 years ago, was to use PhCHzCN as a model for toluene in order to examine the 
effects on acidities (and on the corresponding conjugate carbanion stabilities) of: (a) 
introducing substituents into the benzene ring, (b) introducing substituents into the a-position, 
and (c) replacing the Ph group with naphthyl and other aryl substituents. More recently we 
have found that these acidity values, PKHA, can be combined in two ways with oxidation 
potentials to estimate (a) the acidity of the corresponding radical cation, pKHAt, and (b) to 
estimate the homolytic bond dissociation energy (BDE) of the benzylic C-H bond in the 
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acid. Equations (1) and (2), which are used to make these estimates, are both based on 
thermodynamic cycles. 


pKHA+ = PKHA + [&,(Ap) + E,,,(HA)]23.06/1*37 


BDE = 1 . 3 7 p K ~ ~  + 23.06E,,,(A-) + 55.86 


(1) 


(2) 


In these equations, &,(HA) is the oxidation potential of a weak acid, HA, and &,,(A-) is 
the oxidation potential of its conjugate base, A-, both measured in MezSO solution. The 
constant 55-86 in equation (2) represents the algebraic sum of: (a) the free energy of formation 
of the hydrogen atom, AG;(H'),, (b) the free energy of solvation of the hydrogen atom in 
water, AG,,,(H.), (c) the free energy of the transfer of the proton from water to MezSO, 
AGOtr(H'), and (d) TAS" at 25°C. 


The oxidation potentials of the arylacetonitriles for which acidity constants were available 
from previous work in our laboratory have now been measured in order to use equations (1) 
and (2) to obtain pKHA+ and BDE values. 


There appears to be very little prior work in this area. The pK, value for Ph2CHCN in 
Me2S0 measured in Shatenshtein's laboratory,3 which agrees to within k0-2 with that we have 
previously r e p ~ r t e d , ~  appears to constitute the total pK, literature. No prior literature on 
acidities of the radical cations derived from arylacetonitriles is available. No prior literature 
exists on estimates of BDE's of arylacetonitriles, but data are available for a number of the 
corresponding hydrocarbons. In a recent review McMillen and Golden have selected BDE 
values of 88, 85, and 80 kcal/mol for toluene, 1-methylnaphthalene, and 9-methylanthracene, 
respectively, as the best available  value^.^ They also cite a 4 kcal/mol decrease in BDE for 
a-Ph substitution into toluene and a 3 kcal/mol decrease for a-Me substitution, as examples of 
substituent effects on BDEs. 


There have been numerous studies of the effects of ring substituents on the rates of 
abstraction of benzylic hydrogen atoms in toluenes by radicals. Over 20 different radicals have 
been used in such rate studies, many of which give surprisingly good Hammett plots.' These 
correlations with (polar) 0 constants have often been interpreted in terms of polar 
contributions to the transition states of the radical reactions. Dual parameter Hammett 
relationships, often combining o+ p+ with 0. p', have been used in attempts to factor out the 
polar contribution and assign 6 values to substituents for use in radical reactions. The poor 
agreement between the various 0' scales has been discussed by Dust and Arnold, who have 
established a o * ~  scale based on the effect of substituents on the hyperfine coupling constants 
of benzylic  radical^.^ In 1973 the observation that, for reactions of five different radicals with 
toluenes, the p values plot linearly with exothermicities prompted the suggestion that p is 
determined by the effect of the substituents on the C-H BDEs rather than by the  polar 
nature of the transition state.x Because the p values are usually negative the assumption 
requires that electron-donor groups weaken and electron-withdrawing groups strengthen 
benzylic C-H bonds. Pryor and his coworkers have pointed out, however, that this 
assumption requires that p values for radical reactions always be negative, whereas they have 
found two cases where they are positive.' Nevertheless, in a study of reactions in cyclohexane 
wherein the benzylic hydrogen atoms in ArCH3 were abstracted by iodine atoms they found 
small differences in BDEs conforming to the Zavitsas and Pinto postulate: i.e., 4-Me (85-2) < 
4-t-Bu (85.5) < 3-Me, H (85-9) < 4-CI (86.0) < 3-C1, 3-Br (87.1)."' The conclusion has been 
drawn, therefore, that both polar factors and BDEs are important in determining the size of 
p.9d This is the only study of which we are aware wherein BDEs for remote substituents in 
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toluenes have been measured. The present study provides additional information regarding 
the nature of the BDE-determined p. 


RESULTS AND DISCUSSION 


Effects of substituents on acidities in GC6H4CH2CN 


The results of acidity measurements in Me2S0 solution for phenylacetronitrile and 20 metu- 
and para-substituted phenylacetonitriles are shown in Table 1. 


Table 1 .  Equilibrium acidities of substituted 
phenylacetonitrile, GC6H4CH2CN in Me2S0 solu- 


tion a t  25" 


4-Me2N 24.6 3-CI 19.5 
4-OCH3 234 3-Br 19.4 
4-CH3 22.9 3-CF3 19-2 
4-F 22-2 3-CN 18-7 
H 21.9 3-SO2Ph 18-5 
3-OCH3 21.6 3-NO2 18.1 
4-Ph 20.8 4-COPh 16.0 
4-CI 20.5 4-CN 16.0 
3-SPh 20.4 4-SO2Ph 15.8 
3-F 20.0 4-NO2 12.3 
4-SPh 19.6 


"J. C. Branca, Ph.D. Dissertation, Northwestern Uni- 
versity, 1979. Most determinations were made using two 
or more indicators. See reference 12 and references cited 
therein for further details. 


A Hammett plot including points for 9 metu substituents and hydrogen is shown in Figure 1. 
The u constant for the m-OCH3 point is that derived from acidities of acetophenones in 
Me2S0."' The small deviations for 4-OCH3, 4-CH3, and 4-F points are in the range of the 
usual scatter in Hammett plots. The significant deviations for the  4-Ph, 4-PhS, 4-PhCO, 4-CN, 
4-PhS02, and 4-NO2 points are similar to those observed for Hammett plots of acidities of 
phenoxides and anilines in Me2S0 solution. A plot of pK,'s of anilines" vs. arylacetonitriles is 
nicely linear for all points, where the data are available, with a slope of 1.03 (R2  = 0.95) 
(Figure 2). This plot reveals a remarkable similarity in the sensitivities of these nitranions and 
carbanions to substituent changes. The similarity of the slopes in the Hammett plots for metu 
substituents show that p values remain essentially constant for phenols,I2 arylacetonitriles, and 
anilines, even though the acidities change over progressively higher ranges (14 to 18, 18 to 22, 
and 27 to 31, respectively). Evidently the size of the metu substituent effects does not change 
with either the nature of the atom at the acidic site or with its basicity. The deviations of the 
electron-withdrawing group points from the line in Figure 1 are now believed to be caused in 
part by substituent solvation assisted resonance (SSAR) effects. l 3  The close fit of the points 
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Figure I ,  Hammett plot for rn-suhstitutcd phcnylacctonitrilcs. Thc dcviations for thc puru electron acceptors arc 
attrihuted t o  SSAR effects (see text). Darkened points alone were includcd in thc corrclation 
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Figure 2 .  Plot of the equilibrium aciditics of anilincs vs. those for phenylacetonitriles, both in Me,SO solution 
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for 4-PhS02, 4-PhCO, and 4-NO2 points in Figure 2 indicate that enhanced solvation of these 
substituents for ArNH- nitranions and ArCHCN- carbanions are nearly the same. 


Effects of aryl and alpha structural changes on radical cation acidities 


Substitution of an &-hydrogen atom of toluene by CN increases the acidity by about 21 pK, 
units, equivalent to 29 kcal/mol. Structural changes along the series phenylacetonitrile, 1- and 
2-naphthylacetonitriles, and 9-anthrylacetonitrile cause a further increase of only 2.9 pK, units 
in acidity (Table 2), however, indicating that much of the negative charge in the PhCHCN- 
anion resides in the side chain and that but little additional stability of the anion accrues from 


Table 2. Effects of aryl and alpha structural changes on acidities, radical cation 
acidities, and bond dissociation energies 


Nitrile pKHAr I ~ ~ , ~ ( A - ) ’  pK,,,+J BDE‘ 


PhCH2CN 


I-NpCHZCN” 


2-NpCH2CNh 


9-AnCH2CNc 


9-AnCH3 


PhCH(Me)CN 


PhCH(Ph)CN 


9-CN-FlH2d 


FIHZ 


9-CN-Xn‘ 


XnH2 


21.9 


20.85 


20.65 


19.8 


31.1 


23.0 


17-5 


8.3 


22.6 


13.6 


30.0 


-0.034 


-0.012 


0404 


(45) 


(45) 


(45) 


(50) 


(60) 


(45) 


(45) 


(45) 


(45) 


(45) 


(60) 


-0.055 


-0.614 


-0.195 


-0.023 


0-45 1 


-0.194 


-0.118 


-0.810 


-32 


-18.5 


- 17-5 


- 13 


-7.5 


- 33 


-35 


-25 


- 17 


-27 


-18 


82.2 


81 -3 


81.4 


78.8 


81.4 


80.0 


77-5 


74.7 


79.5 


68.9 


75.4 


a I-Naphthylacetonitrile. 
”2-Naphthylacetonitrile. 
“9-Anthrylacetonitrile. 
d9-Cyanofluorene. 
‘PCyanoxanthene. 


% MeCN vs. Ag/AgI. 
hShoulder attached t o  a wide peak. 
‘ In  Me,SO vs. Ag/AgI. 
’Calculated using equation (I). 
’Calculated using equation (2). 


Measured in MeZSO against two o r  more indicators or standard acids. 
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the delocalization afforded by the larger hydrocarbon skeletons. In 9-anthrylacetonitrile 
delocalization in the anion is inhibited by the inability of the CHCN- moiety to become 
coplanar with the anthracene ring because of steric interference with the peri hydrogen 
atoms (l), 


la  Ib 


Some indication of the extent of this steric inhibition of resonance is given by the 
observation that substitution of a hydrogen atom in 9-methylanthracene by CN causes only 
about a 12pK, unit increase in acidity compared to about a 21 pK, unit increase for 
substitution into toluene. 


In sharp contrast to the 2.9pK, unit acidity decrease along the series PhCH2CN, 
2-NpCH2CN, and 9-AnCH2CN, a 19 unit acidity decrease occurs for the corresponding radical 
cations in this series. The difference is that, in the carbanions, delocalization is accompanied 
by loss of aromaticity (e.g., 2), whereas in the radical cations aromaticity has already been lost 
(e.g., 3). Note also that in the carbanions the cyano function provides charge stabilization 
whereas in the radical cations it causes charge destabilization. As a consequence, the 
PhCH2CN+' radical cation is a stronger acid than the PhCH3+' radical cation by about 
13 pKHA+- units in Me2S0. 


HCN m-wNw 
2a 2b 


3a 3b 


The position of the equilibrium in the dissociation of radical cations, e.g., equation ( 3 ) ,  is 
affected both by the stabilizing effect of Ar on the radical cation (4) and by its stabilizing effect 
on the radical (5 )  formed by proton loss. The &,(HA) part of equation (1) is associated 
primarily with the radical cation stability and the combination of E,,,(A-) and pKHA in 
equation (1) is associated primarily with the radical stability. This can be illustrated by showing 
how the ApKHA+ of 19 between the acidity of PhCH2CN+' and Y-AnCH,CN+. (4) can be 
arrived at by considering the individual terms in equation (1). 
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The difference in &,,(HA) values between PhCH2CN and 9-AnCH2CN is 1.26V, 
equivalent to 29 kcal/mol. If we assume that this is a measure of the stabilization of 4, relative 
to PhCH2CNf', we would expect about a 21 pKHAt unit decrease in the acidity of 4, but this 
will be offset to some extent by the greater stability of radical 5, relative to PhCHCN'. The size 
of the latter effect can be estimated by the AAOP method (equation (4)).14 From equation (4) 
we can estimate that radical 


AAOP = 1 . 3 7 A p K ~ ~  + 23.06AEc,,(A-) (4) 
5 will be stabilized by 2-4 kcal/mol, relative to the PhCHCN' radical, an effect that will be acid 
strengthening by 1.8pKHA+ units. The net change is 26.6kcal/mol equivalent to the 19 
ApKHA+ unit effect calculated by using equation (1). 


The radical cation acidities of PhCH(Me)CN+' and Ph2CHCN+' are estimated by equation 
(1) to be slightly greater than that of the parent, PhCH2CN+' (pKHA+ = -33 and -35, 
respectively, vs. -32). This is reasonable since the a-Me and a-Ph groups are separated by a 
carbon atom from the benzene ring bearing the positive charge in the radical cations and can 
offer little in the way of stabilization. They can stabilize the radical (7) formed on 
deprotonation, however, which is an acid-strengthening effect (equation (5 ) ) .  


6 7 


The effect of removing two orrho hydrogen atoms from Ph2CHCN and joining the rings to 
form 9-cyanofluorene causes the acidity of the a-hydrogen to increase by 12.6 k c a h o l .  This 
increase is associated primarily with the aromaticity of the fluorenide ion, a 14 x-electron 
system. A similar elision and ring closure from the radical cation, Ph2CHCN+' (8-9) causes a 
13-7 kcal/mol decrease in acidity. Here the ring closure establishes communication between the 
two rings, thereby allowing much more effective delocalization of the positive charge and odd 
electron in 9, an acid-weakening effect. 


8 9 


The elision of two ortho hydrogen atoms from Ph2CHCN and replacement with oxygen to 
form 9-cyanoxanthene enforces coplanarity of the rings and causes a 5-3 kcal/mol increase in 
carbanion stability. (No antiaromaticity effect is evident.) The radical cation (10) is stabilized 
by about 20 kcal/mol, relative to Ph2CHCN+', as judged by differences in &,(HA) values. 
The acidity of 10 is, however, only about 11 kcal/mol less than that of Ph2CHCN+. (Table 2). 
Here the stability of the radical (l l) ,  which is 7-5 kcal/mol greater than that of Ph2CCN' 
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10 11 


(calculated by the AAOP method) plays an unusually strong role in determining the position 
of equilibrium in equation (6). 


Effects of aryl and alpha structural changes on BDEs 


Differences in BDEs are equivalent in kcal/mol to the differences in radical stabilities 
calculated within a family by the AAOP method (equation (4)). The absolute BDEs, 
calculated by equation (2) and referred to Me’s0 as the standard state, provide better 
perspective, however, since they can be compared with C-H bond strengths between 
different families. For example, we can compare the BDE of PhCH2CN with that of PhCH? 
and the effects of alpha structural changes on BDE’s with those observed for the 
corresponding hydrocarbons. 


The BDE of the benzylic C-H bond in PhCH’CN is estimated to be about 82 kcalimol in 
Me’SO, which places it about 6kcal/mol below the favored value for PhCH3 in the gas 
phase.’.’ This 6 kcal/mol weakening by CN of the C-H bond in toluene is only one-half as 
large as that exerted by the CN group in methane (ABDE = 12 kcalimol).’ This is evidently a 
saturation effect. (Note that ABDE of PhCH3 vs. CH4 is 19 k c a h o l . )  The effects of a-Me and 
a-Ph substitutions are also smaller for PhCH2CN than for toluene.5 i.e., 2.2 vs. 3 and 5.8 vs. 
8 kcal/mol, respectively. The decrease in BDEs along the series PhCHZCN, 1-NpCH2CN, and 
9-AnCH2CN are 82, 81, and 79 (Table 2). They parallel those reported for the hydrocarbons, 
i.e., 88, 85, and 80 kcal/mol for PhCH?, 1-CH3Np, and 9-CH3An, respectively.’ 


It is instructive to compare the effects of BDEs resulting from introduction of an a-CN 
group into the hydrocarbons 9-methylanthracene, tluorene, and xanthene with the 6 kcal/rnol 
decrease for PhCH2CN vs. PhCH3 mentioned earlier. The decreases in BDEs are 6.5,4-8, and 
2.6 kcal!mol for 9-CN-XnH, 9-CN-FIH, and 9-AnCH2CN, respectively, as calculated by 
equation (2). If we equate these differences in BDEs with the size of the stabilization of the 
radicals formed on deprotonation of the corresponding radical cations, as seems reasonable, 
we would expect the acidities of the latter to increase by about 4.7, 3.5, and 1-9 pKHA, units, 
respectively. The increases calculated by equation (1) are actually 9, 8, and 4.5 units, 
respectively (Table 2). It would appear, therefore, that a second acid-strengthening factor is 
present. This is no doubt the electron-withdrawing field effect of the CN group, which will act 
to destabilize the radical cation. (Note, for example the proximity of the CN group to the 
positive charge in tesonance contributor 10.) 


Remote substituent effects on radical cation acidities and BDEs 


We have seen that acidities of 3-substituents in ArCH2CN plot linearly with Hammett p 
constants and that strongly electron-accepting 4-substituents give points deviating from this 
line (Figure 1) due in part to enhanced solvation in the anions (SSAR effects). Para electron 
donors exert much larger and opposite effects o n  the acidities of the corresponding radical 
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cations, the ApKHA, order being 4-Me2N > 4-PhS > 4-Me0 > 4-Ph > 4-Me (Table 3). The 
ApKHA+ values, relative to H ,  are -37, -19, -13, -12, and -4units, respectively, compared 
to -2.7, 2-3, -1.9, 1.1, and - 1  unit, respectively, for ApKHA. The acid-strengthening effects 
of para electron acceptors in ArCH2CN+' and ArCH2CN appear to be of more nearly equal 
size (e.g., 6, 4, and 0 units, respectively, for the 4-CF3, 4-PhCO, and 4-CN radical cations vs. 
3.8, 5.85 and 5.9 for the neutrals). The larger ApKHA for 4-PhCO than 4-CF3 is the result of 
enhanced acidity for 4-PhCOC6H4CH2CN caused in part by an SSAR effect. The larger 
ApKHAi for 4-CF3 than 4-PhCO is in line with the stronger electron-withdrawing effect of 
4-CF3 (opCF1 = 0.54 vs. opPhC0 = 0.44), which accounts for the more positive &,(HA) value 
observed (Table 3). 


Table 3. Acidity and oxidation potential data for arylaceto- 
nitriles, GC6H4CH2CN 


G E,,(HA)" E,,,(A-)c pK,lAid BDE' ABDE' 


4-Me2N 1.37 -0.381 -5 77.9 -4.0 
4-Me0 2.33 -0.217 -19 80.5 -1.4 
3,4-diMeO 2.08 -0.196 -1.5 80.5 -1-4 
4-Ph 2 4 4  -0416 -20 81-1 -0.8 
4-Me 2 m h  -0.126 -28 81.5 -0.4 
4-PhS 2.02 +0.078 -13 81.6 -0.3 
4-F -0.070 814 -0.1 
3-Me0 -0-034 81.8 -0.1 
4-c1 +0.034 81.8 -0.1 
H 3.15 -0.048 -32 81.9 (0.*0) 
3-Me -0-055 82.1 0.2 
3-F +0.083 82.2 0.3 
3-CI +0.137 82.8 0.9 
3-CF3 +0.167 83.1 1.2 
3-CN +0.179 82-7 0.8 
3,4-diCI +0.173 82.5 0.6 
3-PhS02 +0.200 82.9 1 . 1  
4-CF3 3-57h +0.225 -38 83.0 1.0 
4-PhCO 3-28 +0.294 -34 82.7 0.8 
4-CN 3-47' +0.337 -37 82.6 0.7 


"Determined in McCN solution by cyclic voltammctry. 
hShoulder on a broad peak. 
'Oxidation potentials of GC6H4CHCN- ions mcasured by cyclic 
voltammetry in MezSO solution. These values arc an average of 
those reported earlier14 and presently. 
"Calculatcd using equation (2); estimated to he accurate to 5 2  units. 
"Estimated to be accurate to f 2  kcalimol. 
Relative to that of phenylacctonitrile. 


The difference in &,,(HA) values between C6HsCH2CN and 4-Me2NC6H4CH2CN is 
1.78V, equivalent to a stabilization of radical cation 12 of about 41 kcallmol by the Me2N 
group. This effect could be expected to cause about a 30pKHA+ unit decrease in the acidity of 
12, relative to that of PhCH2CNC'. This is offset by the stabilizing effect of the Me2N group on 
radical 13, which amounts to 4 kcal/mol (equivalent to 2.9pKHA+ units) according to the 
AAOP method. The net effect is that calculated by equation (l), i.e., a 27pKHA+ unit 
decrease. 
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12 13 


As discussed earlier, other electron donor groups weaken the acidities of the radical cations 
to a lesser extent, and acceptor groups increase the acidities. The pKHA+ values plot linearly 
with ,??,,(HA) values (Figure 3) ,  which shows the dominant effect of the oxidation potential of 
the neutral in equation (1) in controlling the acidity of the radical cation. Referring to equation 
(7), the dominant effect of the substituent on pKHA+ is its ability to stabilize the radical cation, 
the effect on the stability of the radical is relatively small. 


Examination of Table 3 shows that ABDEs in kcalhol  for para electron donors are bond 
weakening in the order: H (0.0) < 4-C1,4-F, 3-Me0 (-0-1) < 4-PhS (-0.3) < 4-Me (-0.4) < 
4-Ph (-0.8) < 3,4-diMe0, 4-Me0 (-1.4) < 4-Me2N (-4). Points for substituents (omitting 
4-Me) gave a linear Hammett plot (p = -4.0; R2 = 0.94) with scatter (Figure 4). The wide 
deviations for 3-Me and 4-Me are no doubt caused by the polar nature of u constants derived 
from benzoic acid acidities (-0.07 and -0.17). It is generally accepted now that o1 (or uF) 
constants for these groups should be essentially zero,13c as first proposed by Ritchie and 


1.0 I 1 I I I I I 
10 20 3. 40 


-pKn*+. In D i h y l  SdfOXid.  


Figure 3. Plot of oxidation potentials for 4-substituted phenylacetonitriles in acetonitrile vs. acidities (pKIIA+.) of the 
corresponding radical cations in dimethyl sulfoxide 
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Figure 4. Hammett plot for ABDEs for electron donor substituents (omitting 3-Me and 4-Me). Acceptor (and 3-Me 
and 4-Me donor) substituents are shown as triangles; these were not used in the correlation 


Sager.” Electron acceptors cause mild bond strengthening in the apparent order: 3-F (0.3) < 
3,4-diCI (0.6) < 4-CN (0.7) < 4-PhCO, 3-CN (0.8) < 3-CI (0.9) < 4-CF3 (1.0) < 3-PhSOZ (1.1) 
< 3-CF3 (1.2). Most of the points for strong acceptors scatter above the extended donor 
Hamrnett line in a seemingly random fashion. This scatter is caused, at least in part, by the 
dual nature of the effects of some of the substituents. For example, the 4-CN group is both 
bond strengthening and radical stabilizing. 


The p of -4 suggests that BDEs must be the controlling factor in determining the relative 
reactivities towards radicals of benzylic C-H bonds para to donor substituents, irrespective of 
the polar nature of the transition states. This is in accord with the Zavitsas suggestion’ and 
contrary to earlier po~tulates .~.~ On the other hand, the ABDEs are small for most meta or 
para acceptors, and polar factors, as well as BDEs, may be important in deciding benzylic 
C-H bond reactivities towards radicals in these systems, as suggested by Pryor.9d There is no 
encouragement here, however, for the belief that the Hammett equation can be used to 
estimate substituent effects on benzylic C-H bond reactivities toward radicals. This is 
consistent with the poor agreement found in (J’  scale^.^ 


Application of the AAOP method to arylacetonitriles 


Our earlier application of the AAOP method to arylacetonitriles led to the conclusion that 
only 5 of the 17 substituents were radical stabilizing, the order being 4-MezN (-3.1) > 4-Me0 
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-0.2 - O . I  


4-PhS 0 


(- 1-3), 4-Ph, 4-PhS (-0-68) > 4-Me (-0.56). (The stabilizing effects calculated are given in 
parentheses in kcal/mol.) The plot of E,,(A-) vs. PKHA for rn-suhstituents reported earlier14 
is reproduced in Figure 5 with points for 4-CN and 4-PhCO added. The slope of the line, when 
the axes are each expressed in kcal/mol, is 1.23, indicating that pKHA values are about 20% 
less sensitive to substituent effects than are Ec,x(A-) values. This pattern differs from that for 
2- and 2,7-disubstituted fluorenes and for three other benzylic-type hydrocarbon systems 
(3-aryl-l,1,5,5-tetraphenyl-l ,4-pentadienes,I6 9-substituted xanthenes,I6 and lO-substituted-9- 
methylanthracenesi6) where the slope of the E,,(A-) vs. PKHA plot is near unity. It seems 
likely that the cause of increased slope may lie in the partial delocalization of the negative 
charge to nitrogen in the ArCHCN- ion. This effect will decrease the sensitivity of the PKHA 
values to substituent changes. In view of the disparity in these sensitivities it appears better to 
estimate the effects of remote substituents directly from the deviations in Figure 5 than by the 
AAOP method. The data are summarized in Table 4. 
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Table 4. Radical-stabilizing effects of remote substi- 
tuents in arylacetonitriles, GC6H4CH2CN 


G AE,,(A-)a G AE,,(A-)" 


4-Me2N 2.5 4-CI 1-2 
4-Me0 0.5 CPhS 0.7 
3,4-di-MeO 0-7 4-CN 1.3 
4-Ph 3-2 4-PhCO 2.3 


"Deviations from the line in Figure 4 in kcalimol. 


This analysis differs from that derived from the AAOP method in revealing radical- 
stabilizing effects for 4-Cl, 4-CN, and 4-PhCO substituents. The radical-stabilizing effects for 
the electron donor substituents are consistent with their weakening effect on C-H BDEs 
(Table 3), but the effects for the electron acceptors, CN and PhCO, are observed despite their 
strengthening effect on BDEs. 


SUMMARY AND CONCLUSIONS 


The deviations of 4-Ph, 4-PhS, 4-PhCO, 4-CN, 4-PhS02, and 4-N02 from the Hammett plot 
for equilibrium acidities of GC,H4CH2CN are equivalent to those observed with GChH4NH2 
acidities. Both are attributed in part to substituent solvent assisted resonance (SSAR) effects. 
Increased delocalization of the positive charge (and odd electron) causes the acidity of the 
radical cation derived from 9-cyanomethylanthracene to be stabilized by about 26 kcalimol, 
relative to that derived from 9-cyanomethylbenzene. The CN group in the 9-cyanoxanthene 
radical cation increases the acidity, relative to XnH2+'. by about 6 kcalimol by destabilizing 
the radical cation and by about 6.5kcalimol by stabilizing the XnH' radical formed on 
deprotonation. Introduction of a 4-NMe2 group stabilizes the C,H4CH2CN+' radical cation by 
about 41 kcalimol. The para electron donor groups Me2N, MeO, Ph, PhS, Me, F, CI cause 
decreases in homolytic bond dissociation energies (BDEs) of C-H bonds in 4-GC6H4CH2CN 
compounds over a range of 4 to 0.1 kcalimol. A Hammett plot of ABDEs for donors is linear 
with scatter (p = -4; RZ = 0.94). Both metu and para acceptor groups increase the BDEs over 
a range of 0 to 1.2 kcal/mol; these points scatter in a random fashion around an extension of 
the Hammett line. The conclusion is drawn that BDEs of donor substituents play a major role 
in determining rates of reactions of radicals with m- and p-substituted toluenes, and that 
estimation of 6 values from Hammett plots using these data is a futile exercise. 


EXPERIMENTAL SECTION 


Materials and syntheses 


Samples were purified shortly before pK, measurements by conventional methods and stored 
in the refrigerator until use. Purity of samples was ascertained by vpc, thin-layer 
chromatography, nmr, ir, mp, bp, and elemental analysis (for new compounds). Syntheses of 
samples not commercially available were generally by reaction of the appropriate halide with 
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sodium cyanide. The preparation of 3-(pheny1thio)phenylacetonitrile will serve as an example. 
3-(Pheny1thio)toluene was prepared by the method of Bourgeois" and the crude product 
obtained by distillation was freed from phenyl disulfide by reduction with zinc and acetic acid 
followed by distillation, bp 119-121 "C (0-4mm); nmr (CC14) 6 2.28 (s, 3H); 6 6.95-7.4; 99.5% 
pure by vpc. Dropwise addition of bromine to the sample of 3-(phenylthio)toluene in CC14 
under illumination gave a crude sample of 3-(phenylthio)benzyl bromide which, after 
distillation, was reacted with two equivalents of sodium cyanide in Me2S0 by stirring at 75" for 
1 hr. After distillation at reduced pressure the product was chromatographed on silica gel 
eluting with 5% ether-hexane, and then subjected to short path distillation: nmr (CCI4) 6 3.50 
(s, 2H). 6 7.1-7-4 (m, 9H). 


3-(Phenylsulfonyl)phenyfucetonitrife, mp 72-75 "C (CH,OH): nmr (CDCl,) 6 3-79 (s, 2H) 
6 7.45-7.65 (m, 5H) 6 7.8-8.05 (m, 4H), was obtained by oxidation of 3-(phenylthio)- 
phenylacetonitrile with a slight excess of rn-chloroperoxybenzoic acid in CH2C12. 


4-(Pheny1thio)phenylucetonitrile was prepared from p-toluidine in the same manner as 
described for 3-(phenylthio)phenylacetonitrile: bp 109-1 11 "C (0-5 mm) nmr (CC14) 6 2-10 
(s, 3H) 6 6.7-7.1 (m, 9H). 


Elemental analyses for carbon and hydrogen (Microtech, Skokie, IL) were satisfactory for 
all three of these compounds, which appear to be new. 


pK, Measurements in MezSO were carried out as described in earlier publications." 
Cyclic voltammetry. Cyclic voltammetry was carried out in the manner previously 


described. l9 
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ACIDITIES OF BENZYL PHENYL SULFONES AND 
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(BDEs) OF a-C-H BONDS IN BENZYL 


F. G. BORDWELL, MARK J. BAUSCH, JOHN C. BRANCA, AND JOHN A. HARRELSON, JR. 
Departmeni of Chemistry, Northwestern Univer.yity, Evanston, Illinois 60208, USA 


ABSTRACT 


The excellent linearity (R2  = 0.997) of a plot of pK, values for 17 m- and p-substituted benzyl phenyl 
sulfones, GC6H4CH2S02Ph, vs. those for the corresponding arylacetonitrile, GC6H4CH2CN, 
demonstrates that substituent solvation and substituent solvation assisted resonance (SSAR) effects for 
p-CN, p-COPh, and p-SPh are nearly identical in these two substrates. The PhS02 group in 
PhCH2S02Ph increases the BDE of the a-C-H bond by 2 kcalimol, relative to toluene. The a-C-H 
bonds in GC6H4CH2S02Ph sulfones are stabilized by 1-2 kcalimol by acceptor G’s (m-CN, p-CN, 
rn-CF3, p-CF3), but weakened by 1 and 5 kcalimol, respectively, by donors (p-OMe and p-NMe2). The 
GC6H4CH2S02Ph+’ radical cation with G = H has a pKHAA = -25. Its acidity is increased when G is an 
acceptor by as much as 9 to 10 kcal/mol (G = 3-CN, 3-CF3, 4-CF3, 4-N02). but is decreased when G is a 
donor by as much as 33 kcalimol (G = NMe2). When G = 4-SPh the radical cation is stabilized, relative 
to G = H, by a larger amount (25 kcal/mol) than when G = 4-OMe (18 kcalimol). Structural changes 
along the series PhCH2S02Ph, 2-naphthyI-CH2SO2Ph, 9-anthrylCH2S02Ph cause negligible changes in 
the acidities of these acids, but sizable decreases in the acidities of the  corresponding radical cations. 
Introduction of a phenylsulfonyl group into the methyl group of 9-methylanthracene or the 9-position of 
fluorene or xanthene increases the BDEs by 3, 2, and 7 kcalimol, respectively. These effects of PhS02 
groups are compared and contrasted with those of CN groups. 


INTRODUCTION 


Relative electronic effects of sulfonyl and cyano groups on anions and radicals 


Remote methylsulfonyl and cyano substituents differ but little in their abilities to stabilize 
oxanions as judged by the size of their Hammett and Taft sigma constants. For example, for 
CH3S02: om = 0.60, op = 0.72, op- = 1.05; for CN: (J, = 0.56, op = 0.66, op- = 0.99. The 
effects of methylsulfonyl and cyano groups on adjacent carbanions are also closely similar, as 
judged by Taft sigma constants (OF = 0.59 for CH3S02 and 0.60 for CN)’ and by the acidities 
of CH3S02CH3 ( p K ,  = 31.3 in Me2SO) and CH3CN (pK, = 31.1 in Me2SO).’ The two 
functions differ markedly in their steric bulk and their effect on adjacent radicals, however. 
Sulfone functions are tetrahedral and their standard free energy (A-value) judged by 
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conformational analysis, is about 2.5 kcal/mol compared to about 0.2 kcal/mol for the linear 
cyano f ~ n c t i o n . ~  The appreciable ability of CN to stabilize an adjacent carbon centered radical 
and the poor ability of RSOz functions to do so was revealed long ago in copolymerization 
~ t u d i e s . ~  Recent rate studies of the thermolysis of Me2C(G)N=NC( G)Me2 azo compounds 
also point to a large disparity in the ability of these two functions to stabilize radicals. Thus the 
rate for G = CN is 2-9 x lo5 times greater than for G = Me = ( l - O ) ,  as compared to only 9.2 
for G = CH3S0z.5 The apparent stabilizing effect of a p-CN group on a benzyl radical is also 
far greater than that of ap-MeSOz group, as judged by e.s.r. hyperfine coupling constants (a*, 
= 0.040 for p-CN vs. 0.005 for p-MeSOz).6 E.s.r. studies of cyanomethyl radicals indicate 
substantial spin dejocalization ability,7 whereas a-sulfonyl groups have 'no capacity for spin 
delocalization .'* 


By combining data for equilibrium acidities in Me2S0 solution (pKHA) with (a) the 
oxidation potentials of their conjugate bases, EOx(A-), and (b) a summation of four constants 
dictated by a thermodynamic cycle we have devised a method for estimating homolytic bond 
dissociation energies (BDEs) for weak acids (HA) in Me2S0 solution (equation (l)).9 In the 
preceding paper" an estimate using equation (1) has shown 


BDE = 1 . 3 7 p K ~ ~  + 23*06E,,(A-) + 55-86 (1) 
that the CN group weakens the adjacent C-H bond in PhCH2CN by 6 kcallmol, relative to 
toluene. Similar bond weakening effects, relative to the parent hydrocarbon, were estimated 
for 9-cyanomethylanthracene (2-6 kcalhol), 9-cyanofluorene (6 kcal/mol), and 9-cyano- 
xanthene (6.5 kcaVmol). On the other hand, the 9-PhSOZ group in 9-phenylsulfonyl- 
fluorene appears to strengthen the 9-C-H bond by about 2kcal/mol." In contrast to its 
effect on an adjacent C-H bond, the remote CN group in 4-CNC6H4CHzCN appears to 
strengthen the benzylic C-H bond by about 1 kcal/mol.l" 


In the present paper we report acidity and electrochemical data for benzyl phenyl sulfones, 
and related compounds, that will allow us to deduce the effects of both remote and proximate 
structural changes on their acidities and those of the corresponding radical cations. The data 
will also allow us to estimate the BDEs of the a-C-H bonds in these compounds. 


RESULTS AND DISCUSSION 


Effects of substituents on acidities in GCsH4CHZS02Ph and GC6H4CH2S02CF3 


Benzyl phenyl sulfones are attractive for study of substituent effects because they are easily 
prepared by reactions of readily available benzyl chlorides with sodium benzenesulfinate. The 
equilibrium acidities of 26 3- and 4-GC6H4CH2S02Ph compounds, which were prepared in this 
way, are presented in Table 1. A Hammett plot constructed primarily from mefu points is 
shown in Figure 1. The deviations for the m-NMez, m-OMe, and m-SPh points, which were 
not included in the correlation, are probably due to differences in solvent effects on u's in 
Me2S0 and in H 2 0 .  (The urn for OMe recommended for use in MezS0I2 would bring this 
point close to the line.) 


A plot of the pKHA values for ArCH2S02Ph vs. those for ArCHzCN for 17 substituents 
shows excellent linearity over a range of 9 pKHA units (Figure 2). Note that the points for 
p-N02, p-SOzPh, p-CN, p-COPh, and p-SPh groups fit the line very nicely. These points 
would therefore deviate from the line in Figure 1 to the same extent as they deviate from the 
Hammett plot for ArCH2CN pKHA values shown in the preceding paper." The cause of these 
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Table 1. Equilibrium acidities of benzyl phenyl sulfones, 
GC,H,CH2SO2Ph in Me2S0 solution at 25°C 


G PPHA PKa€lA 
~~ 


4-NMe2 25.9 3-COPhC 22.1 
4-OMe 25.0 3-Clb 21.55 
4-Me 24.1 3-Brh 21.5 
4-t-Bu 24.05 3-CF3b 21.3 
3-NMe2 24.25 f 0.15 3-CN 20.6 
3-Me 23.65 4-CF3 20.2 


H 23.4 4-S(O)Ph 2 0 . 1 ~  
4-F 23-6 4-COPh 18.8 
3-OMe 23.1sb 4-CN 18.5 
4-c1 22*3b 4-SOzPh 18.3 
3-SPh 22-2 4-NOc* 15.85 


4-SPh 21.7 k 0.15 4-N+Me3Br- 20-3 
3-F 21.7 3-N+Me30Ts- 20.15 


4-N+Me30Ts- 20-2 


"Average of 3-point titrations with two or more indicators; standard 
deviations kO.1 or less, unless othcrwise noted. 
bG. J .  McCollurn, Ph.D. Dissertation, Northwestern University, 
1977. 
'The CH3SOCH2K solution was quenched with known quantity of 
standard acid with a pK,, value 4 or more units higher. This solution 
was then titrated with a solution of the unknown using the 
absorbance of the latter anion as an indicator. 


deviations, which require the use of exalted Hammett constants (a-) in order to place them on 
the line in the Hammett correlation, has been recently shown to be due in part to substituent 
solvation assisted resonance (SSAR) The slope of 0.8 for the line in Figure 2 shows 
that ArCHCN- ions are somewhat more sensitive to substituent effects, particularly SSAR 
effects, than are ArCHSO2Ph- ions. Plots of pKHA values for phenols vs. anilines13d and for 
ArNHz vs. ArCH2CN" are also linear with slopes near unity. We conclude that SSAR effects 
in MezSO for strong resonance acceptors do not differ greatly for ArO-, ArCHS02Ph-, 
ArNH-, or ArCHCN- ions despite the differences in the nature of the atom present at the 
acidic site (0, N, or C). The SSAR effects in MezSO are considerably larger than those in 
water, however, as may be judged by a comparison of the apparent a- values for p - N 0 2  in 
MezSO for the four anion types (1.40, 1.56, 1.72, and 1.72, respectively), with a- values for 
p-NOz in HzO (1-24-1.27). The negative charge density at the anionic site in the 
ArCHSO2Ph- ion may be greater than in the other ArX- ions because of steric hindrance to 
solvation, but by the same token resonance relay of charge to the substituent may be less 
because of steric hindrance to resonance. 


The Hammett p values for acidities of ArCH2CN, ArCH2S02Ph, ArCH2S02CF3 decrease 
from 5-5 to 4.8 to 3.7. This decrease is in line with the decreasing negative charge density on 
carbon in the corresponding carbanions caused by the progressive increase in electron 
attraction of the CN, S02Ph, and SOZCF3 groups. (The pK, data and a Hammett plot for 
ArCH2S02CF3 acidities are shown in Figure 3.) 
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Hammett Plot lor Substituted 


P = 4 . 7 9 * 0 . 0 6  
R* = 0.999 
b = 23.34 


ArCH, So, Ph 


\ 
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-012 -0.1 d O ' . l  012 013 0.4 015 Ole 


Harnrnett o 


Figure 1. Harnmett plot for the equilibrium acidities of benzyl phenyl sulfones in dirnethyl sulfoxide solution 


Homolytic bond dissociation energies (BDEs) of benzyl phenyl sulfones compared to 
phenylacetonitriles 


The BDEs of benzyl phenyl sulfones and 20 m- and p-substituted derivatives, and the acidities 
of the corresponding radical cations are presented in Table 2, together with the oxidation 
potentials used to estimate these values. The BDEs were estimated using equation ( I )  and the 
pKHA+ values were obtained using equation (2).14 


pKHA+ = PKHA + [E,,(A-) - Eo,(HA)]23.06/1*37 (2) 
The BDEs estimated by using equation (1) are believed to be accurate to f 3  kcal/mol, but 


relative BDEs are probably accurate to f l  kcal/mol.' The 2 kcal/mol higher BDE for the 
a-C-H bond in PhCH2S02Ph than that in toluene15 supports the earlier conclusion that an 
a-S02Ph group is bond-strengthening," and radical destabilizing, contrary to the thermolysis 
results.' When G in GC6H4CH2S02Ph is m-CN, p-CN, m-CF3, or 4-CF3, the BDEs of the 
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RZ = 0.997 


b = 5.77 
Slope=0 .81*0 .01  


/"" 
E-COPh 


2-32 = I 
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Figure 2. Plot of the equilibrium acidities of benzyl phenyl sulfones vs. those of benzyl cyanides in dimethyl sulfoxide 
solution 


benzylic C-H bonds increase by 1-2 kcallmol; these effects are similar to, but slightly larger 
than, those observed in GChH4CH2CN." Weak electron acceptors or donors (p-F, rn-F, p-C1, 
p-Me, rn-Me, p-t-Bu, rn-OMe, p-SPh, rn-SPh) have little or no effect on BDE. (It was 
surprising to find that p-NO2 also falls in this group. This needs to be checked.) The strong 
donors, p-OMe and p-NMe2, decrease the BDE by 1 and 5 kcal/mol, respectively. These 
results are comparable to those observed with p-MeOC6H4CH2CN and p -  
Me2NC6H4CH2CN. lo 


Acidities of GC6&CH2S02Ph+' compared to GC6H4CH2CN+' 


According to our estimate, the parent radical cation PhCH2S02Phf' (G = H), is a super acid 
(pK",+ = -25), but is nevertheless a weaker acid by 7 units than is the PhCH2CN+' radical 
cation (pKHA+ = -32)."' In earlier papers we have shown that the oxidation potential of the 
acid, &,(HA), is usually the dominant term in equation (2) that controls the acidity of the 
radical cation.I4 However, the &,(HA) value for PhCH2CN in acetonitrile is only 
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9-- 


R* = 0.991 
P a3 .66 .  0 .24  
b = 14.34 


Acidities of GC6H4CH2SOfF3 


E-3 15 .4  
1 4 . 5  


p B r  1 3 . 3  
m-Br 1 2 . 9  
e-CN 10.7 


I I 
I i 
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Figure 3. Hammett plot for the equilibrium acidities of benzyl trifluoromethyl sulfones 


1.7 kcal/mol less positive than that of PhCH2S02Ph, which is sufficient to account for only a 
1-2pKHA+ unit greater acidity. The major factor leading to the 7 unit higher acidity of 
PhCH2CN+' than PhCH2S02Ph+' must lie, therefore, in the much greater stabilizing effect of 
CN on the radical formed on deprotonation (equation (3)). 


PhCH2CN+' + Me$O 2 PhCHCN' + Me2SOH+ (3) 


The difference in BDEs for the benzylic C-H bonds in PhCH2S02Ph and PhCH2CN is 
8 kcal/mol. If we equate the ABDE to the difference in radical stabilization, this effect, 
together with the 1.7kcal/mol less positive &,(HA), will account for the 7pKHA+ units 
greater acidity of PhCH2CN+'. The pertinent data are summarized in Scheme 1. 







Table 2. Acidity and oxidation potential data for benzyl 
phenyl sulfones, GC6H4CH2S02Ph 


G pK,” E,,x(A-)b &,(HA)‘ BDEd pKHA+.C 


4-NO2 


4-CN 


3-CN 


4-CF3 


3-CF3 


4-F 


3-F 


4 x 1  


3-Cl 


H 


4-Me 


3-Me 


4-t-Bu 


4-Me0 


3-Me0 


4-PhS 


3-PhS 


3-NMe2 


4-NMe2 


15.8 


18.5 


20.7 


20.2 


21.3 


23.6 


21.7 


22.3 


21.55 


2 3 4  


24.1 


23.6 


24.0 


25.1 


23-15 


21.7 


22.2 


24.2 


25.9 


90 -32 


92 -30 


93 -33 


91 -32 


92 -32 


90 -25 


91 -26 


90 -24 


90 -26 


90 -25 


91 -18 


90 -21 


90 -21 


89 -12 


90 -12.7 


90 -6.8 


91 -6.8 


90 +4.5 


85 +0.40 


aAverage of 3-point titrations with two or more indicators; standard 
deviations k0.1 or less, unless otherwise noted. 
bMeasured by cyclic voltammetry in Me,SO vs Ag/Ag/I; referenced 
to Standard Hydrogen Electrode (SHE),, by adding -0.125 V. 
‘In MeCN vs (SHE),, (wave widths in parentheses). 
dCalculated using equation (1 ) .  
Talculated using equation (2). 
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Scheme 1 .  (E ,  = relative radical stabilities) 


The effects of remote substituents on pKHp,+ can be rationalized in a similar manner. The 
strong acceptor substituents @-NOz, p-CN, rn-CN, p-CF3, and m-CF3) all increase the acidity 
of the PhCHzSO2Ph+. radical cation (by 6-8 pKHA+ units), but the halogens (p-F, rn-F, p-CI, 
rn-CI) have little or no effect. Donors have acid-weakening effects (in the order, rn-Me, p-t-Bu 
< p-Me < rn-OMe € p-OMe < rn-SPh, p-SPh < rn-NMe2 < p-NMez) ranging from 3 to 20 
units. The large acid-weakening effects for strong donors attests to their ability to stabilize the 
positive charge in radical cations by delocalization. Note also, however, that E,,(A-) is more 
negative for p-OMe, p-SPh, and p-NMez than for the corresponding rnetu isomers, pointing to 
a greater stabilizing effect of the puru donor groups on the radical. For p -  
Me2NC6H4CHZSO2Ph, radical stabilization leads to a 5 kcal/mol lower BDE and a 4 pKHA+ 
unit smaller acid-weakening effect than for the metu isomer. Some of these comparisons are 
illustrated in Schemes 2 and 3. 


$ 3.47 ( -e - )>  e V  lip + (-Hf> ,&$ 
pICHA = 16.0 PICHA+. = -37 E = 9 kcalfmol 
BDE = 83 


--s - 


7 
3.35 eV 


pgHA = 18.5 pICHA+. = -30 E = (1.0) kcal/mol 
BDE = 92 


--s - 


Scheme 2. ( E ,  = relative radical stabilities) 
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1 . 3 7  eV 


NMe, 
= 2 4 . 6  PXHA+ = PICHA 


BDE = 78 


- (-H+) 6 NMe, 


5 --s E = 7 kcal/mol 
- 


f j P h  ( - ~ - )  $" 4 (-H+) qh 
1 . 2 5  e+ 


NMe, NMe2 mea 
E = ( 0 . 0 )  kcal/mol 
-S = +0.4  


@HA+ - pXHA = 2 5 . 9  
BDE = 85 


Scheme 3. (E,9 = relative radical stabilities) 


Effects of p-SPh, p-OMe, and p-CN on acidities of GC6H4CH2S02Ph+. 


The 5-2 pKH,+ unit larger acid-weakening effect of a p-SPh (or rn-SPh) group than for p-OMe 
is noteworthy since the relative abilities of RS and RO to stabilize an adjacent carbocation 
have been the subject of some controversy. Gas-phase measurementsI6 and ab znitzo 
 calculation^'^ indicate that sulfur is the more effective donor, but rates of reactions to 
form carbocations in hydroxylic solvents generally indicate that oxygen is the better 
donor," presumably because solvation is more effective in lowering the transition state 
energy. The 0-285 eV lower oxidation potentials for p-PhSC6H4CH2S02Ph than for 
p-MeOC6H4CH2S02Ph suggests that the p-SPh group stabilizes the radical cation by about 
6-6 kcal/mol, relative to the effect of the p-Me0 group. This is consistent with the results 
obtained with p-PhSC6H4CH2CN and p-MeOC6H4CH2CNt where the difference in &,(HA) 
values points to a 7.1 kcal/mol greater stabilization by p-SPh." They differ from the results 
obtained with 2-PhS-FIH and 2-MeO-FlH, however, where the relative oxidation potentials 
point to a 1.4 kcal/mol greater stabilization by 2-Me0 than by 2-PhS.'' But when the ,?,,(HA) 
values for 2-MeO-FIH and 2-MeS-FIH are compared MeS is more stabilizing by about 
3.5 kcal/mol.20 We conclude, therefore, that sulfur is the stronger donor toward radical cations 
in these quasi-thermodynamic measurements in which solvent effects should not play a major 
role (Scheme 4). 


PICHA+. = -11 = 2 2 . 7  @HA 


Scheme 4. (E, = relative radical stabilities) 
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Table 3. Effects of aryl and alpha structural changes on acidities, radical cation 
acidities, and bond dissociation energies 


Sulfone PK~IA' Eo,(HA)' Eo,(A-)h BDEJ pKHA+.k 


PhCHzSOZPh 


2-NpCHzS02Pha 


9-AnCH2SO2Ph 


9-AnCH3b 


9-Xn(H)SOZTol 


XnHzC 


9-FI(H)SOzPh 


9-FI(H)SOzMe 


9-FI(H)SOzEt 


FlHt  


23.4 


22.3 


21.6 


31.1 


21.05 


30.0 


11-55 


12.8 


12.3 


22.6 


90 


89 


85 


81 


82 


75 


82 


81 


81 


79.5 


- 25 


-11 


-6.6 


-8.5 


-17 


-18 


-21 


-20 


-19 


- 17 


"2-Np = 2-Naphthyl. 
b9-Methylanthracene. 
Xan thene . 


dFhorene. 
'Values previously reported from our laboratory. 


gJ.-P. Cheng, Ph.D. Dissertation, Northwestern University, 1987. 
hIn Me,SO vs. (SHE),,. 
'0.083 in MeCN. 


'Calculated using equation (2); estimated to be accurate to +_3 units. 


In MeCN vs. the aqueous Standard Hydrogen Electrode (SHE),, unless otherwise noted. 


Calculated using equation (1).  


The effect of the p-cyano function is also worthy of special note since CN has been shown to 
provide resonance stabilization to adjacent carbocations.21 Examination of Table 2 reveals a 
slightly lower &,(HA) value for p-CN than p-NOz or p-CF3, but it is clear that the dominant 
effect of p-CN on the radical cation is one of destabilization. A comparison of &,,(HA) values 
for phenylacetonitriles bearing p-CN, p-COPh and p-CF3 groups leads to a similar 
conclusion." The phenyl ring in the SOzPh moiety is a possible source of an electron when 
benzyl phenyl sulfones are oxidized electrochemically. It is an unlikely source inasmuch as the 
benzylsulfonyl group is strongly electron withdrawing and radical destabilizing. Indeed, a 
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measurement of E,,(HA) for CH3S02Ph gave a potential of 3.72V, which is more positive 
than any of the values in Tables 2 or 3. 


Effects of aryl structural changes in ArCH2S02Ph on pK,, BDE, and ~ K H A + .  


As shown in Table 3, structural changes in the aryl group along the series PhCH2S02Ph, 
2-NpCH2S02Ph, 9-AnCH2S02Ph, 9-PhS02XnH, 9-PhS02FIH cause progressive decreases in 
pK,s (23.4, 22.3, 21.6, 21.0,, 11.5s) and in BDEs (90.2, 88.9, 84.6, 82-4, 81.9). The small 
decreases in pK, caused by 2-naphthyl and 9-anthryl groups, relative to phenyl, can be 
associated with the extent to which delocalization of the negative charge in the anion increases 
with increased aryl size. The 9-Xn(H)S02Tol- ion is stabilized by the field effect of oxygen 
and the 9-F1(H)S02Ph- ion is strongly stabilized by an aromaticity factor. The small decrease 
in BDEs for the a-C-H bonds 2-NpCH2S02Ph and 9-AnCH2S02Ph, relative to 
PhCH2S02Ph, which parallel the pK, decreases, can be associated with the abilities of the 
larger aryl groups to delocalize the incipient radical. The slightly larger effect for 
9-Xn(H)S02Tol can be associated with the ability of oxygen to delocalize the incipient radical. 
For Fl(H)S02Ph, the much larger effect on pK, than on BDE is consistent with the aromaticity 
of the HFI- ion and the lack thereof in the HFl' radical. These effects are similar to those 
observed for ArCHZCN." 


The effects of these structural changes on radical cation acidities are much larger than those 
on pK,s and BDEs. The estimated acidities of PhCH2S02Ph+', 2-NpCH2S02Ph+., and 
9-AnCH2S02Ph+' calculated from equation (2) are -25, - 11, and -6.6, respectively (Table 
3). The progressive decreases in acidity can be associated with the increased possibilities for 
delocalization of the positive charge and odd electron in the (high energy) radical cation with 
increased aryl size. The Xn(H)S02Tol+' radical cation has an acidity 8 pKHA+ units lower than 
that of PhCH2S02Phf' due in part to the greater ability of the xanthyl moiety to stabilize the 
radical formed on deprotonation (ABDE -- 8 kcal/mol) and in part to a greater ability of the 
xanthyl moiety to stabilize the positive charge in the radical cation. The fluorenyl moiety 
exhibits similar effects on the acidities of the F1(H)S02R+' radical cations. (The spread in 
pKHA+ values for FI(H)S02R+' radical cations is probably a consequence of the difficulty in 
obtaining reliable measures of the oxidation potential of the uncharged acids (note the broad 
CV waves). The average value of -20 k 3 is within the experimental error of the 
measurements.) 


In the preceding paper a comparison of the effect on pKHA+ of introducing an a-cyano 
group into the hydrocarbon was shown to cause an increase in acidity for 9-methylanthracene, 
fluorene, and xanthene of 4.5,8, and 9 units, respectively." Examination of Table 3 shows the 
effect of introducing an a-ArS02 group is a 1.9 unit decrease for 9-AnCH3, no change for 
xanthene, and a 3 unit increase for FIH2 (see above). For 9-AnCH3, the acidity decrease can 
be associated with the 3-2 kcal/mol decrease in radical stability indicated by the increase in 
BDE. For XnH2, there is an even larger increase in BDE (7 kcal/mol), but this is offset by a 
nearly equal positive shift in &,(HA). For FIH2, the increase in BDE is smaller (1.8 kcal/mol) 
and is overshadowed by the increase in E,,(HA). As brought out previously,"' the 
introduction of an a-cyano group increases the acidity of the radical cation in two ways, (a) by 
stabilizing the radical formed on deprotonation, and (b) by destabilizing the radical cation 
through its field effect ((TF), which causes a positive shift in &,(HA) (Scheme 5). The field 
effect of an a-S02Ph group is probably acid-strengthening to about a similar degree (smallest 
in AnCH3 and largest in XnH2), but is counteracted by the destabilizing effect it has on the 
radical formed on deprotonation, which is acid weakening. 
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\ 2.28 eV 
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BDE = 69 


-s - 


pICHA+ = -17 E = (0.0) kcal/mol -s = 21.05 
@HA - 
BDE = 82 a,-* \ Q ( %  


H 
pICHA = 30.0 pKHA+ = -17.5 E = 7 kcal/mol 


BDE = 75 


-s - 


Scheme 5. ( E ,  = relative radical stabilities) 


SUMMARY AND CONCLUSIONS 


The linearity of a plot of p K ,  values for GC6H4CH2S02Ph vs. those for GC6H4CH2CN shows 
that the electronic effects of the PhS02 and CN groups on the heterolytic dissociation of the 
a-C--H bond are essentially identical, as are the substituent solvation assisted resonance 
(SSAR) effects of para electron acceptors. On the other hand, the electronic effects of CN and 
PhS02 on the homolytic dissociation of an a-C-H bond are opposite in nature, the CN 
groups in PhCH2CN being bond weakening and the PhS02 group in PhCH2S02Ph being bond 
strengthening. The effects of the remote G substituents are similar for the two substrates; 
strong electron acceptors cause small BDE increases and donors cause BDE decreases. The 
PhCH2S02Ph+' radical cation is less acidic than the PhCH2CNf. radical cation by 10 kcal/mol. 
The difference is attributed to the ability of the CN group to stabilize the radical formed on 
deprotonation of the radical cation, whereas the effect of PhS02 on the radical is destabilizing. 
Remote G electron acceptor substituents cause large acidity increases by destabilizing the 
radical cations, whereas donors decrease the acidity by stabilizing the radical cations. In each 
instance the effect of 4-SPh is larger than that of 4-OMe, indicating a greater donor ability of S 
than 0 for an adjacent carbocation. 


EXPERIMENTAL SECTION 


Materials and syntheses 


Melting points and 'H-NMR data for the substituted benzyl phenyl sulfones appear in Table 4. 
NMR were recorded on a Varian EM-390 spectrometer and reported in parts per rniHion 
relative to tetramethylsilane as the internal standard. Melting points were recorded on a 
Thomas-Hoover melting point apparatus and are uncorrected. NMR and mps for 4-C1, 3-C1, 
4-CN, 3-CN, and 4-NO2 were consistent with those reported by Jarvis and SaukaitkZ2 
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Table 4. Melting points and 'H-NMR of G-C,H4CH2S02Ph compounds 


Compound mp, 'Ca lit mp, "C 'H-NMR 


4-NMe2 
4-OMeC 
4-Me 
4-t-Bu 
3-Me2N 
3-Me 
H 


4-F 


3-OMe" 
3-SPh 
3-F 


4-SPh 
3-COPh 
3-Br 
3-CF3 
4-CF3 
4-S(O)Ph 
4-(COPh) 


4-SOzPh 
3-NMe:OTs- 


4-NMe: Br- 
4-NMe:OTs-' 


148-1484 
139.5-140-5 


15 1-15 1.5 


16 1-1 62 
114-115 
122-1 24 
147- 147.5 


155.5-1 56 


111-112 
93-94.5 


129'5-130.5 


121-121 a 5  
156-157 
121-123 
108-109 


237.5-239 
187-1 88 
166-167 
213-214 
153-153.5 


-140 (dec) 
179-180 


--- 


_ _ _  
145-146d 


--_ 
--- 


2.8 (6H, s), 4.28 (2H, s), 6.5-7.75 (9H, m) 


3.8 (3H, s), 4.15 (2H, s), 67-74 (9H, m) 
2.3 (3H, s), 4.2 (2H, s), 6.7-7.8 (9H, m) 
1.3 (9H, s), 4.3 (2H, s), 6-%7.8 (9H, m) 
2.9 (6H, s), 4.2 (2H, s), 6.25-7.7 (9H, m) 
2.3 (3H, s), 4.2 (2H, s), 6.7-743 (9H, m) 104-105' 


14g146.5' 4.3 (2H, s), 745-7-75 (9H, m) 


4.3 (2H, s), 6.7-7-8 (9H, m) 


3.7 (3H, s), 4.3 (2H, s), 6.5-7.8 (9H, m) 
4.3 (2H, s), 6.8-7-6 (14H, m) 
4.3 (2H, s), 6.68.0 (9H, m) 


4.3 (2H, s), 7.05-7.75 (14H, m) 
4.35 (2H, s ) ,  7.25-7-85 (14H, m) 
4.3 (2H, s), 7G7.8 (9H, m) 


4.35 (2H, s), 7.1-7-9 (9H, m) 
4.35 (2H, s), 7-25-7.65 (9H, m) 
4.3 (2H, s), 7.1-7.8 (14H, m) 
4.37 (2H, s), 7,05-7-8 (14H. m) 
4.5 (2H, s), 7.2-8.1 (14H, m) 
2.25 (3H, s), 3.45 (9H, s), 4.7 (2H. s), 74-8.0 (14H, m) 
3.65 (9H, s), 4.8 (2H, s), 7.3-8.3 (m, 9H) 


2.25 (3H, s), 3.6 (9H, s), 6.9-8.0 (14H, m) 


"Uncorrected. 
CDCll with 6 reported relative to Me& = 0. 


'Prepared by G. J. McCollum, these laboratories. 
dC. M. M. DaSilva-Correa, A. S. Lindsay and W. A.  Watcrs, J .  Chem. SOC. (C) 1872-1874 (1968). 
'R. S. Asthana and G. S.  Mistra, 1. Ind. Chcm. SOC. 31, 459-460 (1954). 
'R. L. Shriner, H.  C.  Struck and W. J. Jorison, J .  Am. Chem. SOC. 52, 2 W 2 0 6 9  (1930). 
8M. Simalty-Siemiatycki, J. Carretto and F. Malbec, B U N .  Soc. Chim. France 125-128 (1962). 


In general, the sulfones that were not commercially available were prepared by heating the 
appropriate benzyl halide with sodium benzenesulfinate (2 equiv.) in a saturated solution of 
ethanol and water, the composition of which was varied to produce homogeneity. After an 
hour of the steam bath crystallization was induced by cooling, and the product was 
recrystallized from 95% ethanol or  ethanol/CHCI3. 


m- and p-(Dimethy1amino)benzyl phenyl sulfones were prepared by reductive methylation 
of the amine with aq. HCHO and hydrogen over 10% Pd/C in EtOH at 35 psi for 4 h. 


The benzyl trifluoromethyl sulfones were a gift from P. L. Skipper. 
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4-Methoxybenzyl phenyl sulfone was obtained by reaction of 4-methoxybenzyl alcohol with 
sodium benzenesulfinate (2 equiv.) in boiling ethanokwater (1:l) at pH = 2 for 24 h. 


3-Methoxybenzyl phenyl sulfone was prepared by reacting the sulfide with two equiv. of 
rn-chloroperoxybenzoic acid (MCPBA) in CHCI3. 
4-(Phenylsulfonyl)benzyI sulfone was prepared by reaction of two equiv. of MCPBA with 


4-phenylthiobenzyl phenyl sulfone in chloroform. 
The tosylate salts of 3-(trimethylammonio)benzyl phenyl sulfone and 4-(trimethylammonio) 


benzyl phenyl sulfone were obtained by treating the corresponding dimethylamino compounds 
with excess methyl tosylate in dry acetonitrile at room temperature. Addition of ether induced 
crystallization and the products were recrystallized from CH,CN/ether. The bromide salt of 
4-(trimethylammonio)benzyl phenyl sulfone was prepared by refluxing a solution of 
acetonitrile and the dimethylamino compound under a methyl bromide atmosphere for 4 h. 
Upon cooling, the product precipitated as fine white needles. 
2-(Phenyls~lfonylmethyI)naphthalene~~ and 9-(phenyls~lfonylmethyl)anthracene~~ were 


prepared by the general method except that DMF was used as the solvent. 2-(Phenylsulfonyl- 
methy1)naphthalene: mp = 189.5-190°C, lit25 mp = 18&7"C, 'H-NMR: 6 4-8 (2H, s), 74-7.9 
(12 H ,  m). 9-(Phenylsulfonylmethyl)anthracene: mp = 205-2055 "C, 'H-NMR: 6 5-4 (2H, s), 
7.3-8.5 (14H, m). 
9-(p-Methylphenyls~lfonyl)xanthene~~ was prepared by the method of Balfe, Kenyon, and 


Thain." 9-Methylsulfonyl- and 9-ethylsulfonylfluorene were prepared in a manner analogous 
to that described for 9-phenyls~lfonylfluorene.~ 


pK, Measurements in Me2S0 were carried out as described earlier.* 
Cyclic voltammetry was carried out in the manner previously described.14 
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SHORT COMMUNICATION 


NONPLANAR PHENYL RING AND INVERSE ORDER 
OF SOLVOLYTIC REACTIVITY FOR TERTIARY 


BENZYLIC SUBSTRATES 


KWANG-TING LIU, MANN-YAN KUO AND YU WANG 
Department of Chemistry, National Taiwan University, Taipei 10764, Taiwan, Republic of China 


ABSTRACT 


The rates of solvolysis of I-aryl-l-phenyl-2,2-dimethylpropyl(l) p-nitrobenzoates and of aryldipheny- 
lmethyl-p-nitrobenzoates (2) were measured in 80% acetone. An inverse order of reactivity, k p - ~ & , . ~ ~ ,  
> I was observed for 1 but not for 2. The X-ray crystallogoraphic study of the parent compounds, 
I,I-diphenyl-2,2-dimethylpropyl-p-nitrobenzoate (lb) and triphenylemethyl benzoate (3b), and of 
2-phenyl-2-propyl-p-nitrobenzoate (4 )  indicated that in the highly congested system 1 both phenyl rings 
were nonplanar, whereas the phenyl rings in 3 and 4 were essentially planar. 


In a recent communication' we reported that the observation of an inverse order of solvolytic 
reactivities, kdk,,, > 1, for substrates containing electron-attracting wary1 substituents could 
be used as a probe for the lack of significance of resonance contribution in the cationic 
transition states. We now wish to report an additional evidence of such an abnormal reactivity, 
i.e. kFCF,lkm-CF, = 1.12 for l-aryl-l-phenyl-2,2-dimethylpropyl-p-nitrobenzoates (1) at 25 "C. 
Moreover, X-ray crystallographic data reveal significant deviations from planar structure for 
phenyl rings in lb, and not for triphenylmethyl benzoate (3b) or 2-phenyl-2-propyl-p- 
nitrobenzoate (4). This is the first illustration of the nonplanarity of monosubstituted benzene 


t Bu 


A r - C  -0 PNB 
I 


1 
a: Ar = p-CH3 
b: Ar = H 
c: Ar = m-CF3 
d: Ar = p-CF3 


Ph 
I 


Ph 
I 


APC -OPNB A r  -C-OB z 
I 
Ph 


I 
Ph 


PNB: p-nitrobenzoate; Bz: benzoate 


2 3 
a; Ar = m-CH3 
b: Ar = H 
c: Ar = m-CF3 
d: Ar = p-CF3 


a; Ar = m-CH3 
b: Ar = H 
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with a severe crowding at the benzylic carbon, which accounts for the abnormal rate ratio 


The preparation of aryldiphenylmethyl-p-nitrobenzoates (2) and benzoates (3) was 
accomplished by using the newly developed one-pot procedure.* The solvolyses were carried 
out in 80% acetone at appropriate temperature, and the rates were followed titrimetrically in 
duplicate, with an experimental error of less than 2%. For the isomeric pairslc/ld and 2c/M 
the rates were measured by running the reactions side by side in the same thermostat. The 
rates for the reactive p-nitrobenzoates 2a and 2b were calculated by multiplying the rates of 
the benzoates 3a and 3b, respectively, by a factor of 2 0 ~ 8 . ~  The results are shown in Table 1. 


kdk,  > 1. 


Table 1.  Rate constants for solvolysis of some benzylic estersa 


Substrate ldk, s-' T, "C kplk,( 25 "C) 


la 


lb  


lc 


Id 


2. 
2b 
zc 
2d 


50.3 
2.34 
6.50 X 


4-52 
25.7 


3-89 x 


2.04 
8.21 x 10-5b 


9-17 x 10-5b 


25.5 


26.5 
2.15 


99.2' 
69*3d 
5-21 
3-06 


75 
50 
25 
90 
75 
25 


125 
100 
25 


125 
100 
25 
25 
25 
25 
25 


1.12 


0.587 
-~ ~ ~ ~ ~ 


"In 80% acetone. 
bExtrapolated from data at higher temperature. 
'By multiplying the rate constant of 3a, 4.77 x 10-5sK1, by 20-8(Reference 


dBy multiplying the rate constant of 3b, 3.33 X 10-5s-', by 20.8 (Reference 
3) 


3) 


Hammett-Brown treatment4 of the rate data gave excellent linear plots for both systems, 
p = -3.18 (correlation coefficient 0-993) for I and p = -2.20 (correlation coefficient 0.999) 
for 2. However, an inverse order of reactivity, kplkm > I ,  was realized in the case of Ic vs Id. 
Obviously, it is in line with the proposal' that the substrate has a highly crowded reaction 
center, and the deactivated aryl ring in 1, deviates appreciably from the cationic sp2 plane 
developed in the transition state. Moreover, the inherent drawback' in the simple linear free 
energy treatment is once again observed. 


The results obtained from X-ray structural analyses are also remarkable. Single crystals of 
lb, 3b and 4 were subjected to the diffraction study on a 4-circle diffractometer. The data 
processing was performed by using NRCC-SDP  program^.^ Each structure was fully refined 
and yielded agreement indices R of 0-08,0.04 and 0.05, respectively. The bond lengths, bond 
angles and torsional angles in 4 are in good agreement with those observed by Tidwell and 
co-workers.6 The detailed analyses of the crystal structure will be reported elsewhere, and the 
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n17 


Ca( CH3 


I 
I 


C2- Cl- OPNB 


6'-'7 ,8 


Ca( CH3) 


I "c-c3 


'!?i\C2- Cl- OPNB 


"11 


c; 
" c - c3  I 


"11 


lb 3b 4 


Table 2. Pertinent bond lengths (A) for 
some benzylic esters 


Bond lb  3b 4 
~~ 


C1-C 1-592(6) 1*511(4) 


C1-0 1-463(5) 1*465(3) 1*487(3) 
C'-C2 1*539(7) 1*521(4) 1*509(3) 
C'-@ 1*535(7) 1-540(4) 
c'-c'4 1 *536(4) 


C'-C' 1*530(4) 


pertinent data are listed in Tables 2,3, and 4. The variations of bond angles at the carbinyl 
carbon (C' in Scheme 2) are nearly the same in all three cases. The significant lengthening of 
C(sp3)-C(sp3) in lb ,  1.592 A, is an indication of the steric crowding at C', although it is less 
profound than that in the tri-tert-butylmethyl system in which the C-C distance at the 
carbinyl carbon is 1.618b;.' 


The result of examining the torsional angles for carbon atoms that define the phenyl rings 
(Table 3) is especially noteworthy. In 4 the planarity of the phenyl moiety could be assured by 
the observation of small torsional angles, + Q 1.8". The deviation of carbon atoms from the 
least-square plane is in the order of 10-3A. The two phenyl rings in 3b are also essentially 
planar, whereas the third one is slightly puckered (@ d 2.6"). On the other hand, both phenyl 
rings in the highly congested substrate l b  deviate from the planar structure, as are shown by 
the larger torsional angle of 3 - 5 4 " ,  as well as by larger displacement, 0-039 A, from the 
least-squares plane of the ring. This is the first correlation noted for a nonplanar 
monosubstituted benzene ring in a substrate with the inverse order of solvolytic reactivity due 
to the steric crowding at the benzylic carbon atom. 
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Table 3. Pertinent bond and torsional angles (") in some benzylic 
esters" 


Angle 


102.4 


106.9 
107.8 


111.7 


117.1 


109.8 


- 1.72 
3.50 
2.81 
0.27 
1 +48 


-0.75 
-0.71 
-0.98 


0.12 
2.51 


-4-03 
3.12 


108.6 
103.2 
109.8 


111.3 
115.8 


107.4 


-0.67 
0.91 
0.54 


-0.07 
0.30. 
0.06 


- 1 .oo 
1.23 


-0.27 
1.13 


-0.19 
-0.91 


1.69 
0.77 


-2.29 
1.34 
1.09 


-2.58 


109.3 
101.4 
108.9 


115.6 
110.7 


109.9 
1.48 


-1.76 
1.36 


-0.72 
0.43 


-0.80 


aWith standard deviations of 0.2-0.4" for bond angles. 


Table 4. Pertinent crystal data for some benzylic esters 


Compound l b  3b 4 
Space group P2,Jc Pna2' P21k 
System monoclonic monoclinic monoclinic 


l4*720( 3) 
9-906( 1) 


15-194(6) 
90-0 


90.0 
2072.52 


50 
0.80 


8.50, 6-70a 


110.85(3) 


8*936(4) 
14.928(5) 
14.350( 13) 
90.0 
90.0 
90.0 


1914.12 
60 
0.73 


4.14, 2.74 


6-404(2) 
10.941 (4) 
20-468(5) 
90.0 
9 I -74(2) 
W.0 


1433.46 
60 
0.89 


5.25, 3.63 


"The NOz part is partially disordered. 
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The correlation of chemical reactivities with bond angles andlor bond lengths has been 
advanced as a new development in physical organic Our finding suggests an 
additional criterion to correlate crystal structures and solvolytic reactivities that an inverse 
order of reactivity for the highly crowded tertiary benzylic substrate would be accompanied by 
the observation of the lengthening of the C'-C" bond and of the nonplanarity of the phenyl 
moiety in the cryastal form. In the two systems previously reported,' I,l-diphenyl-2,2- 
trifluoroethyl tosylate was too reactive for diffraction study, and the attempts at preparing 
single crystals of 3-phenyl-2,2,4,4-tetramethyl-3-pentyl-p-nitrobenzoate for structural study 
have not yet succeeded. More work on this aspect is in progress. 
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CONCERNING THE WEAKNESS OF INTRAMOLECULAR 
GENERAL ACID CATALYSIS IN THE HYDROLYSIS OF 


VINYL ETHERS. 0-CARBQXY-a-METHOXY- 
p, (3-DIMETHY LSTY RENE 


A. J .  KRESGE" AND Y.  YIN 
Dcpparirneni of Chcmi.siry, Univcrsiiy of Toronio, Toronio, Oniurio, Cunudu M5.7 IAI  


ABSTRACT 


The rate of hydrolysis of the aromatic vinyl ether o-carboxy-a-methoxy-P,P-dimethylstyrene was found 
to be accelerated 25-fold by ionization of its carboxylic acid group, but the effective molarity which may 
be calculated if all of this rate acceleration is ascribed to intramolecular general acid catalysis is only 
EM = 1 - 1  M .  This is similar to the small effective molarities found before for intramolecular catalysis by 
carboxylic acid groups of aliphatic vinyl ethers, which shows that, unlike the situation i n .  other 
intramolecular reactions, e.g. ketone enolization, the extra rigidity of aromatic over aliphatic systems 
does not improve the efficiency of intramolecular catalysis in vinyl ether hydrolysis. 


It is suggested that this behaviour is the result of reduced conjugation between the vinyl ether group 
and the aromatic ring in the transition state of the vinyl ether hydrolysis reaction, which retards the rate 
and offsets any improvement effected by increased rigidity of the aromatic system. 


We have recently shown that hydrolysis of the vinyl ether group of prostacyclin, 1 as well as 
some related substances, is accelerated 100-fold through intramolecular general acid catalysis 
by the molecule's carboxylic acid group. '  This rate acceleration is greater, by an order of 
magnitude, than that produced by the adjacent carboxylic acid group in the hydrolysis of the 
vinyl ether function of o-carboxy-a-methoxystyrene, 2.' Such a difference is unexpected, for 


bH 1 
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intramolecular catalysis should be stronger in a relatively rigid system such as 2 than in a more 
flexible molecule like 1. This expectation is supported, for example, by the enolization of 
ketones with structures closely resembling 2 and the relevant part of 1: intramolecular general 
base catalysis is at least an order of magnitude more efficient in the enolization of 
o-acetylbenzoate ion, 3, than in the enolization of 6-oxoheptanoate ion, 4.' 


In  order to explore this matter further, we have now examined the behavior of 
o-carboxy-Lw-methoxy-P,P-dknethylstyrene, 5. Intramolecular general base catalysis of 
enolization is more efficient in the ketone analog of this substance, o-isobutyrylbenzoate ion, 6, 
than in the unmethylated material, 3,3''.4 and we hoped that the same might be true of vinyl 
ether hydrolysis. That in fact did prove to be the case, but the improvement amounts to only a 
factor of two. This still leaves the behavior of vinyl ether hydrolysis markedly different from 
that of ketone enolization; a rationalization of this difference will be offered. 


3 4 5 6 


EXPERIMENTAL SECTION 


Materials 


o-Carboxy-a-methoxy-(3,[3-dimethylstyrene (5) was prepared from its methyl ester (7) which in 
turn was generated by converting methyl o-isobutyrylbenzoate into its dimethyl ketal and then 
eliminating a molecule of methanol; equation (1); this reaction also produced the acylal isomer 
of 7 ,  3-methoxy-3-isopropylphthalide, 8. 


7 8 


o-Isobutyrylbenzoic acid5 (1.6 g) was dissolved in 12 ml of dry acetone, and 1-5 g of 
potassium carbonate plus 1 ml of dimethyl sulfate were added. This mixture was heated under 
reflux overnight; solid material was then removed by filtration and the acetone solvent was 
evaporated from the filtrate. The residual oil. whose proton NMR spectrum was consistent 
with expectation for methyl o-isobutyrylbenzoate (CDCI?: 1-23, d ,  6H, J = 7 Hz; 3.08, septet, 
I H ,  J = 7 Hz; 3.92, s, 3H; 7.23-8.30, rn, 4H). was used directly without further purification. 


This oily residue was dissolved in 5 ml of dry methanol, 1.2 g of trimethyl orthoformate plus 
a few mg of p-toluenesulfonic acid were added, and the resulting solution was heated under 







INTRAMOLECULAR CATALYSIS OF VINYL ETIIEK IiYDROLYSIS 249 


reflux overnight. The reaction mixture was then subjected to vacuum distillation and a fraction 
boiling at 70--75"C/0-1 torr was collected. This was separated into three components, the last of 
which proved to be unreacted methyl o-isohutyrylbenzoate, by preparative gas chromatogra- 
phy using a 10-foot OV101 column. 


The first substance to be eluted was identified as o-carbomethoxy-a-methoxy-8,P- 
dimethylstyrene, 7, by its NMR and mass spectra: 'H-NMR, CDC13: 1-45, s, 3H; 1.78, s,  3H; 
3-37, s, 3H; 7.2-7.8, m ,  4H; I3C-NMR, CDCI?: 17.19, 19.52, 52.34, 57.04, 114.83, 127.87, 
129.63, 131.15, 131.77, 132.40. 136-37, 147.14, 168.59; mass spectrum: 220-1 100; calculated 
for Ci3HlhOR, 220.1095. The second component was likewise identified as the cyclic acylal 
isomer of this ester, 3-methoxy-3-isopropyIphthalide, 8 'H-NMR, CDC13: 0.86, d ,  3H, J = 7 
Hz; 1.03, d ,  3H, 7 Hz; 2.36, septet, I H ,  J = 7 Hz; 3.01, s, 3H; 7.2-84, m, 4H; mass spectrum: 
1754767 calculated for C ,  I H  I 175.0756; 16341396, calculated for C,,H7O7+, 1634393; 
there are two sets of isopropyl methyl group signals in the proton NMR spectrum of this 
substance because its methyl groups are diastereotopic. 


A stock solution of o-carboxy-m-methoxy-B,B-dimethylstyrene, 5 ,  for kinetic measurements 
was prepared by saponifying 0.008 g of the ester 7 with 0.5 ml of 0.5 M aqueous sodium 
hydroxide diluted to 1 4  ml with methanol; the reaction was allowed to proceed at room 
temperature for three days. during which time the initially cloudy mixture became clear. 


All other materials were best available commercial grades; solutions were made with 
deionized water purified further by distillation. 


Kinetics 


Reactions were monitored spectroscopically and also by HPLC analysis. The latter method 
was used for very slow runs at pH > 6 where subsequent transformations of the initially 
formed reaction product complicated spectral monitoring. 


The spectral method was based upon changes in absorbance at h = 240 nm for the vinyl 
ether, 5, and h = 264 nm for its methyl ester, 7. All measurements were made with a Cary 
Model 118 spectrometer whose cell compartment was thermostatted at 25.0 k 0.1"C. 
Reactions were initiated by adding 2-5 pI of substrate stock solution (methanol or aqueous 
methanol solvent) to a cuvette containing 3.0 ml of aqueous acid or buffer solution which had 
been allowed to come to temperature equilibrium with the spectrometer cell compartment. 
Initial substrate concentrations were cu. M. The kinetic data followed the first-order rate 
law accurately, and observed rate constants were evaluated by least squares analysis, either by 
fitting the data to an exponenetial function or by the Guggenheim method. 


HPLC analyses were conducted with a VISTA 5500 instrument coupled to a Polychrom 
9060 Diode Array detector. Reversed-phase, ion-pair partition chromatography was used with 
a 15- or 30-cm carbon-18 column and 0.005 or 0.01 M tetrabutylammoniurn acetate in 
acetonitrile-water mixtures as the eluent. Either 4-methoxyacetophenone or 3,4- 
dimethoxyacetophenone was used as an internal standard. Reactions were conducted in flasks 
immersed in a constant temperature bath operating at 25.0 2 0.1"C. Substrate concentrations 
were of the order of 1 x M and the amount of internal standard was adjusted to give 
absorbance readings in the range 0.8-1.4. At appropriate times, aliquots of reaction mixture 
were injected onto the column through a l0OpI injection loop valve and integrals of the peaks 
for different components were recorded. First-order rate constants were evaluated by least 
squares analysis as slopes of plots of ln[(fs/fs,)t - ( f , / f s , ) . j o ]  vs. time, where I ,  and I,, represent 
integrals of substrate and standard respectively. A typical example of such a plot is shown in 
Figure 1. 
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I I 1 I I I 


I 


Figure 1 .  First-order kinctic plot for the hydrolysis of o-carhoxy-cc-methoxy-(-1,(3-dimethylstyrenc in aqueous 
H2PO4/HP0:- huffcr solution at 25°C; the final point rcprescnts 95% reaction 


RESULTS 


A large body of evidence6 indicates that the acid-catalyzed hydrolysis of simple vinyl ethers 
occurs through rate-determining proton transfer from the catalyst to the b-carbon atom of the 
substrate, giving an alkoxycarbocation intermediate, equation (2). This is then followed by 
rapid steps which convert the alkoxycarbocation into a hemiacetal and then that into the 
ultimate carbonyl compound and alcohol products, equation (3). In the hydrolysis of 
o-carboxy-a-methoxystyrene (2), however, it was found that the carbocation is captured 
intramolecularily to give an acylal, equation (4). This intermediate is then converted at a 
slower rate into o-acetylbenzoic acid,' which exists in equilibrium with its cyclic lactol, 
equation (5).3b 


r.d. 1 7 R +  + A '  
OR 


+ H -  


OR+ 0 


+ ROH (3) // n20 . 
-n+ 


OH 


+ HA r.d.; & +  -H (=$$Me (4) 


- @OH ( 5 )  


02H 
-A- 0 COZH 


NOMe- MeOH + 


C02H 
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Both UV-spectral examination and HPLC analysis indicate that similar changes take place 
in the present system, and that the acylol, 3-methoxy-3-isopropylphthalide (8), synthesized 
here as a side-product in the preparation of the vinyl ether substrate 5 ,  is formed as a relatively 
stable hydrolysis reaction intermediate. However, reaction rates were measured here by 
monitoring the disappearance of the vinyl ether substrate, and the rate constants determined 
therefore refer to the first step of this process only, i.e. to protonation of the vinyl ether 
carbon-carbon double bond, and are thus equivalent to rates of reaction for a simple, 
uncomplicated vinyl ether hydrolysis process. 


Rate measurements were made in aqueous perchloric acid solutions, and in cyanoacetic, 
formic, acetic and cacodylic acid and dihydrogenphosphate anion buffers. The determinations 
in perchloric acid solutions were performed over the concentration range [HCI04] = 0.004 to 
0.10 M, with ionic strength held constant at 0 . 1 0 ~ .  Those in buffer solutions, were also made 
at constant ionic strength (0.10 hi) ,  using series of buffer solutions of constant buffer ratio but 
changing buffer concentration. The buffer concentration was generally varied by a factor of 
five, and from two to five series were used for each acid. These data are summarized in Tables 
S1 and S2, which are supplementary material available from the authors. 


These rate data were analyzed in terms of a phenomenological scheme, equation ( 6 ) ,  which 
allows for reaction of the substrate in both unionized, carboxylic acid (SH) and ionized, 
carboxylate (S-) forms. 


Product 


The rate law for such a scheme is shown in equation (7). I t  includes terms 


kohh = (kH'LH+I + kHAIHA])[H'l/([H'l + 


for catalysis by the solvated proton, H + ,  and undissociatcd acids, H A ,  and it uses unprimed 
symbols for reactions of SH and primed symbols for reactions of S-; the fractions 
[H+]/([H+] + &) and K,I([H+] + K J ,  in which K;, is the acid ionization constant of the 
substrate, denote the proportions of substrate which exist in the unionized and ionized forms 
respectively. A similar rate law was used to interpret the data for hydrolysis of prostacyclin 
and related substances.' 


In conformance with this rate law, observed first-order rate constants were linear functions 
of buffer acid concentration, and slopes of buffer dilution plots determined at constant [H+], 
(Ak,,,/AIHA])lH +], depended upon [H'] in accordance with equation (8). 


(Ak(dAIHA])IHL] = (kHA[H+] + khAK;i)/(fH+] + (8) 
Values of kHA and khAKi, were consequently obtained from slope and intercept parameters 
evaluated by linear least square analysis of the relationship between (Ak(,,,J 
A[HA])I~+I ( [H+]  + k:,) and [H+], and k; lA was derived from kLAKil using K;, determined as 
described below. Values of [H+] needed for this purpose were obtained by calculation, using 
thermodynamic acid dissociation constants from the literature and activity coefficients 
recommended by Bates.' (in the case of cacodylic acid, an ionization constant appropriate to 
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Table 1 .  Rate constants for carbon protonation of o-carboxy-cu- 
methoxy-P,P-dimethylstyrene in aqueous solution at 25"" 


CNCH2COzH 3.10 34.7 


(CW2As02H - 0.499 
H2P04- - 0.0939 


HCOzH 0.489 7.29 
CH7COZH 0.183 1.31 


H+ 133. 3,320 


"Ionic strength = 0 . 1 0 ~  (NaCI). 


ionic strength = 0 . 1 0 ~  was calculated using a relationship determined in the course of 
measuring the thermodynamic ionization constant of this acid.') Buffer failure" occurred in the 
cyanoacetic acid buffers used, and H+ contributions to observed rate constants consequently 
decreased systematically along buffer dilution solution series, but this was compensated for by 
adjusting H+ contributions to a common [)If] values using known (vide infru) values of k H .  
and k h + .  The results obtained in this way are listed in Table 1 .  Bronsted relations based upon 
the three carboxylic acid rate constants have the exponents 01 = 0.54 k 0.06 for carbon 
protonation of SH and a = 0.61 f 0.06 for carbon protonation of S-.  


The intercepts of these buffer dilution plots represent the buffer-independent part, kRlr  of 
the rate law of equation (7), shown as equation (9). 


kB1 = (kH+[H+I2 + kh+K,[H+])/([H+] + KL, )  (9) 
These intercepts, together with observed rate constants measured in perchloric acid 
solutions, were used to construct the rate profile shown as Figure 2. The combined data 
were fitted to equation (9) by non-linear least squares analysis; this gave k H +  = 
(1.33 f 0.01) x 1O-I M- '  s - ' ,  kh- + = 3-32 I0.50 K '  s-I, and K ,  = (1.21 t- 0.24) 
X l o p 4  M .  The latter is a concentration quotient appropriate to ionic strength = 0.10 M; use of 
the activity coefficients Y H t  = 0.83' and ys = 0.80 (recommended' for benzoate ion) 


0 I I I I I I 


I 1 I I 
3 4 5 6  7 


- L o g  ([ti'] / M )  


Figure 2. Rate profile for protonation or the douhlc bond of o-carhoxy-a-mcthoxy-P,P-dimcthylstyrcne in aqueous 
solution at 25" 
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converts this into a thermodynamic acidity constant which corresponds to pK,, = 4.10, a result 
consistent with the known value, pK, = 4-20, for benzoic acid. 


Rates of hydrolysis of the vinyl ether group of the methyl ester of o-carboxy-a-methoxy-P,P- 
dimethylstyrene were also determined. Measurements were made in perchloric acid solutions 
over the concentration range [HC104] = 0.004 to 0.10 M at a constant ionic strength of 0.10 M .  


These data are summarized in Table S3, available from the authors. First-order rate constants 
were accurately proportional to [HC104], and least squares analysis gave the catalytic 
coefficient kHi = (8.78 k 0.09) X 1 O P 2 ~ - '  s-I. This is consistent with kH+ = 13.3 = 


determined for the carboxylic acid itself, and the rate retardation of 8-78/13-3 = 0.66 M-I s - I  


produced in going from the acid to the ester is similar to that, 0.60, observed for the same 
change in the o-carboxy-a-methoxystyrene system.2 The rate constant determined here for 
reaction of the ester is also many orders of magnitude greater than the specific rate of acid 
catalyzed ester hydrolysis of methyl benzoate,"' which shows that ester hydrolysis did not 
interfere with the present vinyl ether hydrolysis reaction. 


DISCUSSION 


The present results give the rate acceleration kh+/kH+ = 25 for reaction of the vinyl ether 
group of o-carboxy-a-methoxy-P,B-dimethylstyrene. This is twice the acceleration observed 
for o-carboxy-a-methoxystyrene itself,2 but only one quarter of that found for prostacyclin. I 


Rate accelerations defined in this way, however, do not necessarily reflect the strength of 
intramolecular catalysis in an accurate way, because the process to which kh+ is attributed is 
not a simple one-step intramolecular reaction. This rate constant is defined in terms of an 
initial state consisting of the substrate in its ionized carboxylate form, S-, plus a proton. As 
shown in equation (lo),  these substances must first be converted into the carboxylic acid form 
of the substrate, SH, before intramolecular proton transfer can take place. The rate constant 
kh+  is therefore a composite quantity, khi = k k p / K a ,  whose value depends upon the 
magnitude of K;, as well as the velocity of the intramolecular reaction. 


A more sensible measure of intramolecular catalytic strength would be provided by the ratio 
kEp/k$Er ,  in which k$E' is the rate constant for intermolecular proton transfer to the 
undissociated acid form of the substrate from an external acid of the same type and strength as 
the catalytic group of the substrate. This means of assessing intramolecular catalytic strength is 
in fact in common use. Because the rate ratio k$p/k$Er compares first- and second-order rate 
constants, it has the dimensions of concentration and is generally called the 'effective 
molarity', EM." Table 2 compares effective molarities and rate accelerations for some vinyl 
ether hydrolysis reactions. 


It may be seen that there is no general correspondence between the two quantities. In order 
to understand this, it is helpful to derive a relationship between the two. This can be done by 
using the Bronsted relation to express k H ,  in terms of k$E', as shown in equation (1 l),  where 
K H +  is the acidity constant of H+.  Combining that with the definition of rate acceleration 
(Accelr), equation (12), and then replacing kh+ with its equivalent, kEF/K, , ,  gives equation 
(13). This leads to equation (14), which shows that the rate acceleration depends upon 
EM, and upon K ,  and a as well. 
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Table 2. Rate accelerations and effective molarities for some 
intramolecular proton transfer reactions 


Substrate Acceleration Effective Molarity/M 


Vinyl ether hydrolysis: 


25 1 - 1  


OMe 


Prostacyclin' 


b 


C02H 


Homoprostacycling 
Enolization: 


& " 


12 


I no 


82 


73 


37 


8.3 


- 


0.5 


0.6 


0.8 


0-8 


0.4 


0 4 8  


50 


>20 


0.5-1 Aliphatic ketocarboxylates' - 


~ ~~ ~~ 


"This work, with k$:' = 3.X x lo-' M-' 5 - I  cstimatcd using thc Brenstcd 
relation. 
'Refcrcnce 2 ,  kzzr = 
'Reference 12. 
"Reference 13, with k$E' = kllUAc for substrate mcthyl ester. 
eReference 14, with k$zr  = klIOA, for substrate mcthyl ester. 
'Reference 15. with ki;a" = 0 , 2 7 ~ - '  s-' estimatcd from kllO,Z, and (Y = 0.6. 
gRefercnce 16. with k;;:' = klIc,*, lor substrate mcthyl ester. 
hReferences 3b and 4. 
' Reference 3b. 
' Reference 3a. 
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I n  particular, since a is generally less than one, Accelr will be inversely proportional to some 
fractional power of Ki l ,  and Substrates with more strongly acidic catalytic groups (greater K;,) 
will show smaller rate accelerations than substrates with weaker catalytic groups. This follows 
also from equation (lo),  inasmuch as the concentration of SH will be less in the case of a 
stronger acid and the overall rate of reaction, and therefore kb+,  will be smaller. The data of 
Table 2 support this prediction. The effective molarities of all the vinyl ethers there, except the 
last, are much the same, but the catalytic groups of the  first two are aromatic carboxylic acids 
whereas those of the next four are aliphatic acids; aromatic acids are stronger than aliphatic 
acids, and the rate accelerations of the first two substrates are consequently less than those of 
the next four. The effect of EM on Accelr may be seen by comparing the first two entries of 
Table 2, or the last four. The influcnce of a is less apparent because this quantity is much the 
same for all of the substrates listed. 


9 


Effective molarities for proton transfer to or from carbon are generally quite small 
compared to the very large values often found for other intramolecular reactions,' ' and the 
data presented in Table 2 provide no exception. There are, however, interesting variations 
within this group. For example, homoprostacyclin, 9, with one carbon atom more than 
prostacyclin, 1, separating the carboxylic acid and vinyl ether groups, shows a much reduced 
EM; it is well known that intrarnolccular catalytic efficiency depends critically upon the size of 
the ring formed in the transition state of the intramolecular process." 


A less expected variation apparent in Table 2 is the difference in intramolecular catalytic 
efficiency between the aromatic vinyl ethers and their aromatic ketone counterparts. The 
aromatic ketones are considerably better intramolecular catalysts than aliphatic analogs, as 
expected for more rigid systems, but the aromatic vinyl ethers do not show a corresponding 
improvement over their aliphatic analogs. This difference in behavior between the two kinds 
of aromatic systems persists even if some of the rate enhancement observed in each case is 
attributed to another cause, such an electrostatic acceleration. For example, with an 
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electrostatic effect of the negatively charged carboxylate group speeding up the hydrolysis of 
o-carboxy-a-rnethoxy-i3$-dimethylstyrene (5) 10-fold (electrostatic rate effects are generally 
small in aqueous solution," and a 10-fold acceleration represents a generous effect), EM for 
this substance drops from 1-1 to 0.6, and a corresponding electrostatic effect on the enolization 
of o-isobutyrylbenzoate ion (6) changes its EM from 50 to 40. This still leaves aromatic ketone 
enolization as the substantially more efficient intramolecular reaction. 


An explanation for this difference may be advanced on the basis of the conformations which 
the substrataes may be expected to adopt in the transition states of these reactions, and the 
consequent effect of phenyl substituents on the stability of these transition states. In an 
intramolecular enolization reaction of an aromatic ketone, such as o-acetylbenzoate ion (3), 
the C-H bond being broken, in order to be accessible to the carboxylate group, must lie 
approximately in the plane of the benzene ring. This bond, however, must also be 
perpendicular to the carbonyl group, in order to effect conjugation of the developing 
carbon-carbon double bond with that group and thus allow delocalization of the developing 
negative charge onto the carbonyl oxygen atom. This requires the carbonyl group to be 
perpendicular to the benzene ring, and that will take it out of conjugation with the ring. This 
will occur at little energy cost to the system, for phenyl substitution has little effect on  the 
rate of base catalyzed enolization. For example, specific rates of enolization catalyzed by 
the hydroxide ion for acetaldehyde, 10, and acetophenone, 11, are k = 1.17 M - '  s - l l X  


and k = 0.25 M-"" respectively, which gives a small phenyl group retardation of 0.2, and a 
similar rate reduction for enolization of these substrates catalyzed by acetate ion can be 
estimated from the rates of ketonization of the corresponding enolates (by reaction with acetic 
acid)lx*"' and the carbon-acid pK,'s of the carbonyl compounds. 'x,1y.2'  


4 OMe 


10 11 12 13 


The transition state for an intramolecular reaction of an aromatic vinyl ether, such as 
o-carboxy-a-methylstyrene (2) will have a conformation similar to that described above for 
enolization: in order to be accessible to proton transfer from the adjacent acid, the vinyl ether 
group must turn toward the acid into a position where the vinyl plane is approximately 
perpendicular to the benzene ring. This will reduce conjugation between the vinyl group and 
the benzene ring, but now loss of conjugation will involve a considerable energy cost because 
phenyl substitution at this position raises the rate of vinyl ether hydrolysis substantially. For 
example, specific rates of hydrogen-ion catalyzed hydrolysis of methyl vinyl ether 12 
and methyl a-phenylvinyl ether, 13, are k = 0.76 M - I  s-'** and k = 53 M-' s-'""~22 
respectively, which gives a significant 70-fold phenyl group rate increase. 


These arguments suggest that in vinyl ether hydrolysis any improvement in the efficiency of 
intramolecular catalysis produced by the rigidity of aromatic over aliphatic systems is offset by 
a deleterious aromatic group substituent effect, and the net result is little difference in the 
values of EM for the two kinds of system in this reaction. In enolization, on  the other hand, 
there is no deleterious aromatic substituent effect, and the extra rigidity of aromatic systems 
and consequent improved intramolecular catalytic efficiency is unopposed and therefore 
becomes apparent in greater EM values. 
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ABSTRACT 


l-(Phenylazo)-l-(2-pyridyl)ethyl hydroperoxide, 1, l-(phenylazo)-l-(2-furyl)ethyl hydroperoxide, 2, 
phenylazo(2-fury1)methyl hydroperoxide, 3, l-(phenylazo)-l-(4-anisyl)ethyl hydroperoxide, 4, were 
synthesized in moderate yield by autoxidation of the phenylhydrazones in benzene. The ionic oxidation of 
benzyl methyl sulfide in benzene by 1-4 yielded the sulfoxide and the metastable a-azo hydroxides in 
essentially quantitative yield. The reaction was of the first order in a-azo hydroperoxide and sulfide, 
respectively. The relative reactivity series found was: l ( 1  .O) <4(1.4) < phenylazo(4-anisy1)methyl 
hydroperoxide 5 (2.9) <2 (3.8) < 3 (9.6). a-Methyl substitution was found to slow the rate of 
oxygen-atom trasfer by a factor of 2 to 2.5. The low relative reactivity of 1 was opposite that expected 
based on electronic effects. Competitive intramolecular hydrogen bonding of the hydroperoxy proton to 
the pyridyl nitrogen in 1 accounted for the observed result. 


Hydroperoxides are important reagents for the oxidation of many classes of organic 
compounds. Organic hydroperoxides are able to transfer oxygen atoms by electrophilic 
pathways’ as well as free-radical and related metal ion catalyzed processes. Our recent work2 
has shown that a class of ‘alkyl’ hydroperoxides, a-azo hydroperoxides or ac-peroxydiazatenes3 
[R1R2-C(OOH)-N=N-R3], are of high reactivity in electrophilic (ionic) oxygen-atom 
transfer reactions, reaction (l), in aprotic media. Cyclic a-azo hydro peroxide^^ are of similar 
reactivity5 to that of flavin 4a-hydro peroxide^^ and roughly two orders of magnitude more 
reactive than acyclic  analogue^.^ 


k2 RIR2-C(OOH)-N=N-R3 + :X -+ RIR2--C(OH)-N=N-R3 + 0 = X (1) 
interestingly, for a-azo hydroperoxide ionic oxidations, selectivity has been found to be 
essentially invariant (and at a maximum), independent of hydroperoxide structure and 
reactivity.’.’ Mechanistically, the electrophilic oxygen-atom transfer reactions of a-azo 
hydroperoxides have been rationalized to occur via a concerted mechanism in which the 
transition state requires partial intramolecular transfer or hydrogen bonding of the 
hydroperoxy proton to a nitrogen atom during nucleophilic attack of the substrate on the 
terminal oxygen atom. An isotope effect study’ with deuteration of the hydroperoxy proton 
yielded values of kH/kn of 1.3f0-1 for the rates of oxidation of alkenes, sulfides, and amines 
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consistent with expectations. We report here a study of the effect of competitive 
intramolecular hydrogen bonding sites and a-methyl substitution on oxygen-atom transfer 
capabilities of a-azo hydroperoxides. 


RESULTS 


New a-azo hydroperoxides [ l-(phenylazo)-l-(2-pyridyl)ethyl hydroperoxide, 1, 1- 
(phenylazo)-l-(2-furyl)ethyl hydroperoxide, 2, phenylazo(2-fury1)methyl hydroperoxide, 3, 
l-(phenylazo)-l-(4-anisyl)ethyl hydroperoxide, 41 were synthesized (caution!) in moderate 


1 2 R = C H 3  4 R = C H 3  


3 R=H 5 R = H  


yield by the autoxidation of the corresponding phenylhydrazones, reaction ( 2 ) ,  in benzene 
under pressure. a-Azo hydroperoxide 5 has been 


R R 
i 0 2  I 


1 
(2) Ar-C=N-NHPh + Ar-C-N=N-Ph 


OOH 


1-5 


previously reported and was included for comparisons. Compounds 1 and 4 were isolated in 
crystalline form (caution!) and were characterized by spectroscopic and physical methods. The 
furyl-substituted compounds 2 and 3 did not crystallize and were found to be extremely 
unstable unless kept in solution (benzene). Compounds 2 and 3 were characterized by spectral 
methods and by analysis of the decomposition products. 


The oxygen-atom transfer reactions of 1 4  with benzyl methyl sulfide in benzene yielded the 
metastable a-azo hydroxides and the sulfoxide in essentially quantitative yields in all cases, 
reaction (3). The a-azo hydroxides, 


R R 
I k I 


Ar-C-N=N-Ph + SBzMe f Ar-C-N=N-Ph + O=SBzMe 
I I 


OOH OH 
metastable 


( 3 )  


observed by 'H-NMR spectroscopy, were stable for several hours. Undisturbed, these 
compounds underwent slow decomposition to secondary products, reactions (4) and (3, with 
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gas evolution (N2) over the course of one or two days. ~ A z o  hydroxides with R=CH3 
decomposed quantitatively to the aryl methyl ketones, reaction (4), and presumably 
phenyldiimide (not observed). Once formed, phenyldiimide would be expected to undergo 
rapid decomposition to benzene with evolution of N2 (consistent with the observations). For 
a-azo hydroxides with R=H, the major decomposition products were the hydrazides, 
reaction (9.' The aryl methyl ketones, hydrazides, and sulfoxides were isolated and identified 
by comparison with authentic samples. 


0 
II 


Ar-C-R + [H-N=N-Ph] (4) 


R 
I 
I 


Ar-C-N=N-Ph 


OH 


100% for R=CH3 


0 


Ar-!-NH-NHPh ( 5 )  


Major for R=H 


The oxidation of benzyl methyl sulfide by 1-5 in benzene-d6 at 34 "C was found to be of the 
first order in sulfide and a-azo hydroperoxide, respectively in the aprotic medium. The second 
order rate constants were determined ('H-NMR spectroscopy) by monitoring the rate of 
appearance of sulfoxide andor  the rate of disappearance of a-azo hydroperoxide vs added 
internal standard. a-Methyl substitution was found to slow the rate of oxygen atom transfer by 
a factor of 2 to 2.5. Compound 1 was the least reactive hydroperoxide of this series while 3 was 
the most reactive. The relative reactivity series was: 1 < 4 < 5 <2 < 3. The results are 
summarized in Table 1. 


The reduced reactivity of 1 was surprising. Control experiments in which one equivalent of 
pyridine was added to 4 or 5 in benzene showed that the rate of oxidation of benzyl methyl 
sulfide slowed by approximately a factor of 2 (no N-oxidation was observed). Addition of one 
equivalent of acetic acid to S-oxidation by 1 or by 4 and 5 in the presence of pyridine yielded k2 
values that were increased by approximately an order of magnitude. The results are listed in 
Table 2. 


In addition, compounds 1 and 4 were found to oxidize triethylamine to the N-oxide in high 
yield (k2 for 4 of 3.3+0-1 x 1 0 - 4 ~ - 1 s - 1 ) .  However, a-azo hydroperoxide 5 with R=H 
underwent rapid decomposition in the presence of triethylamine with little resultant 
N-oxidation (-6%) to yield mainly azo ketone [Ar-CO-N=N-Ph] and carboxylic acid 
(Ar-COZH) as products. Presumably these latter products arise via amine-catalyzed removal 
of the a-proton with loss of hydroxide to yield azo ketone (subsequent partial hydrolysis of 
which by traces of water would produce the corresponding acids). Tezuka has postulated"' 
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Table 1. Rate constants for oxidation of BzSMe by 1-5 in benzene at 
34 "C 


R 
I 


I 
OOH 


Ar-C-N=N-Ph 


Peroxide Ar R k 2 ( ~ - k ' )  relative reactivity 


1 2-pyridyl Me 2.5 _+ 0.3 X lo-' 1.0 
2 2-fury1 Me 9-4 f 0.9 x lo-' 3.8 
3 2-fuvl H 2-4 k 0.5 X 9.6 
4 4-anisyl Me 3-4 f 0.1 X 1-4 
5 4-anisyl €1 7.2 k 0.3 X 2.9 


Table 2. Effect of added acetic acid and pyridine on the rate constants for oxidation of BzSMe by 
1, 4, and 5 in benzene at 34 "C 


Peroxide [Peroxidelo [HOAc]" [Pyridine]" k 2 ( ~ - ' s - ' )  Re1 Effect" 
~~ 


4 0.17 _ _  0.17 1.7 k 0.1 X lo-' 0.5 
4 0.14 0.14 0.14 1.5 f 0.1 x 10-2 4.4 
5 0.11 __  0.11 2.7 k 0.2 X 0.4 
5 0.11 0.1 1 0.11 4.4 * 0.4 x 10-2 13 
1 0.13 0-14 _ _  3.2 k 0.2 x 10-2  13 


akz from table 2/k2 from Table 1. 


other routes to explain similar products in 'pyridine-catalyzed' a-azo hydroperoxide oxidation 
reactions. Interestingly, for 1 self-oxidation of the pyridyl substituent was not observed. 


DISCUSSION 


Prior on the oxidation of benzyl methyl sulfide by a series of phenylazo(ary1)methyl 
hydroperoxides yielded excellent correlations of k, values with sigma constants: rho of + 1-08. 
The decrease in relative reactivity upon formal a-methyl substitution (2 vs 3 and 4 vs 5) is 
consistent with expectations based on 'inductive' effects. However, the contributions of steric 
(eclipsing) interactions, if any, are difficult to assess and cannot be ruled out. Similarly, the 
3-fold greater relative reactivity of the fury1 compounds (2 ,3)  as compared to that of the anisyl 
compounds (4, 5) is in accord with predictions based on Hammett-type parameters. However, 
the results for 1 are not consistent with inductive effects. The 2-pyridyl substituent would be 
expected to result in an, at least, ten-fold greater reactivity than that of 2 rather than the 
four-fold decrease observed. 


Tezuka has postulated I(" the formation of N-substituted peroxycarboximidic acids in the 
pyridine-catalyzed oxidations of a-azo hydroperoxides with a-protons. This type of reactive 
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intermediate could not form for a-methyl compounds 1, 2 and 4, but must be considered for 
compounds 3 and 5. Addition of one equivalent of triethyl amine (strong base) to 5 (or 3) 
resulted in the rapid decomposition and a product distribution similar to those observed I(" by 
Tezuka for the slow (days) pyridine-catalyzed decompositions of similar compounds. Addition 
of one equivalent of pyridine to 5 resulted in only 9% loss of starting hydroperoxide after 4 hrs 
at 34 "C. Subsequent addition of sulfide resulted in slower than normal S-oxidation, yielding 
the same k2 value as if all the reagents were mixed together initially. Under the conditions of 
our experiments, N-substituted peroxycarboximidic acids appear not to be involved. 


Scheme 1" 


I 


'' Five-membered intramolecular hydrogen-bonded transition state shown for convenience 


A likely explanation for the unusually low relative reactivity of 1 involves competitive 
intramolecular hydrogen bonding of the hydroperoxy proton to the pyridyl substituent which 
disrupts the normal transition state for S- oxidation (Scheme l).7d Solvent effect studies have 
shown 7b the competitive intermolecular hydrogen bonding to acetonitrile resulted in greatly 
reduced rates of oxygen-atom transfers. "0-NMR studies on I70-enriched a-azo hydroperox- 
ides showed chemical shift differences upon differential hydrogen bonding. Interestingly, this 
interpretation of the results requires that the six-ring intramolecular hydrogen bond to the 
pyridyl group in I does not allow oxygen-atom transfer or at least is much slower than the 
normal situation. The presence of one equivalent of added pyridine in S-oxidations with 
'normal' a-azo hydroperoxides slowed the reactions by a factor of approximately 2. This 
suggests that intermolecular hydrogen bonding of the hydroperoxy proton is competitive with 
the normal intramolecular hydrogen-bonding situation required for reaction. Experiments in 
which acetic acid is added appear to reverse the inhibiting effect of the pyridyl group or added 
pyridine and support the competitive hydrogen bonding argument. However, acid catalysis7" 
of S-oxidation may also be involved, complicating the interpretation. The relative reactivity 
data for 2 and 3 suggests that intramolecular hydrogen bonding of the hydroperoxide to the 
fury1 oxygen may not be competitive with the hydrogen bonding to the azo function.9 


The presence of a strong intramolecular or intermolecular hydrogen bond acceptor slows 
the oxygen-atom transfer reactions of a-azo hydroperoxides. Apparently, any disruption of 
the intramolecular hydrogen bond to the azo function leads to pathways in which oxygen-atom 
transfer is slower than the normal situation. 
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EXPERIMENTAL SECTION 


All solvents were of reagent grade. Benzyl methyl sulfide, 2-acetylpyridine, 2-acetylfuran, 
fufural, and p-methoxyacetophenone were available commercially and were distilled if 
necessary before use. Phenylazo(panisy1)methyl hydroperoxide 5 was prepared according to 
published p r~cedure '~  (Caution! Danger of explosion!). 'H-NMR spectra were taken on a 
Varian EM360L spectrometer while "C-NMR spectra were taken on a JEOL GX-270 
spectrometer. Analyses were performed at Atlanta Microlabs, Atlanta, GA. 


Synthesis of 0-820 hydroperoxides 


I-(Phenyluzoj-I-(2-pyridyljethyl hydroperoxide 1 was synthesized by autoxidation of the 
purified phenylhydrazone of 2-acetylpyridine in benzene under pressure (Caution ! Extreme 
danger of explosion!). In a pressure bottle, 1.0 g of phenylhydrazone under 100 psi of pure 
oxygen in 25 ml dry benzene underwent complete autoxidation in the dark after 3 hrs at 
10-15"C. The solvent was removed under reduced pressure at low temperature in the dark. 
The resulting residue was crystallized from ether-petroleum ether at low temperature to yield 
0.65 g of orange crystals, 60% isolated yield: mp 91-93°C (Detonation !); Analysis found 
C-64.10, H-5.43, N-17.25 calculated C-64.18, H-5.39, N-17-27; 'H-NMR (C,D,) 6 2.08 (s, 
3H), 6.33-6-63 (m, lH),  6-98 (m, 5H), 7-6 (m, 2H), 8.3 (m, lH),  10.47 (s, 1H); "C-NMR, 
1584 (q), 152.1 (9). 149.1, 136.7, 131-6, 129-5, 123.9, 123.5, 122-9, 105-8 (q), 20.3. Small 
samples of 1 could be stored at -70°C in the dark as the solid, with n o  apparent difficulties; 
however, solution storage is suggested. WAZO hydroperoxides 2, 3 and 4 were synthesized as 
above with the following modifications: 0-5 g of phenylhydrazone in 5 rnl of benzene and with 
reaction times of 5 , 6  and 3 hrs, respectively, 'H-NMR spectra (C,D,) for 2 6 1-95 (s, 3H), 5.95 
(m, 1H),6.23 (s, lH),  6.9-7.7 (m, 6H), -9 (br.s., 1H); for 3 6 5.90 (m, 2H), 6-33 (d, lH),  
6-77-7.20 (m, 4H), 7.53-7.70 (m, 2H), Y.3 (br.s., 1H); for 4 6 1.95 (s, 3H), 3.23 (s., 3H), 6.87 
(d, 2H), 6.95-7-10 (m, 3H), 7.40-7.67 (m, 4H), 9.45 (s, 1H). Compounds 2 and 3 were oils and 
extremely unstable if neat. Compound 4 crystallized at -70°C but melted below room 
temperature. 2 4  were stored at -70°C in benzene-d, in the dark. a-Azo hydroperoxides of 
these types were found to be light sensitive. In addition, several samples detonated(!) when 
pure and dry. Work should only be carried out on a small scale (<lg)  and the compounds 
should be stored and handled in solution whenever possible. 


Kinetic and product studies 


The following general procedure was employed for all kinetic experiments. A sample of pure 
a-azo hydroperoxide (-0.03 mmol) was placed (in the dark) in a new 5 mm NMR sample tube 
with 0.500 ml of benzene-d6 (Merck) containing anisole or r-butylbenzene as internal standard. 
After the 'H-NMR spectrum was recorded, the desired quantity of benzyl methyl sulfide (or 
other reactant) was added to the solution and mixed. The 'H-NMR signals were recorded and 
integrated vs time. Rate data, determined by monitoring the appearance of sulfoxide and/or 
the disappearance of hydroperoxide relative to internal standard, yielded identical rate 
constants. The kinetic data were obtained for at least 2 half-lives and yielded excellent 
correlation coefficients (>0.99, all cases). 


The yield of sulfoxide and metastable a-azo hydroxide was quantitative (95f5%) relative to 
internal standard. The sulfoxide was isolated and the structure proven by comparison with an 
authentic sample. The a-azo hydroxides corresponding to compounds 1, 2 and 4 underwent 
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slow decomposition with evolution of gas to yield 2-acetylpyridine, 2-acetylfuran, and 
p-methoxyacetophenone, respectively. The  gas, presumably, was nitrogen arising from the  
fast thermolysis of other wazo hydroxide decomposition product, H-N=N-Ph. T h e  
carbonyl containing decomposition products were isolated and identified by comparison with 
authentic samples. 
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ABSTRACT 


The PE spectra of four stable bicyclic triaziridines with trifluoromethyl, methyl, phenyl, spirocyc- 
lopentane and spirocyclohexane substituents are measured. From a comparison of these experimental 
data with MNDO calculations the energies and the interactions of the nitrogen lone-pair orbitals were 
obtained. The trifluoromethyl group may be reliably simulated by a fluorine atom. The ionization 
potentials are unexpectedly high and so are the cyclovoltammetric anodic potentials. The MNDO 
valence electron densities are in agreement with the comparatively small differences in the chemical 
shifts of the differently substituted nitrogens of the triaziridine rings. 


One of the interesting aspects of triaziridines is the fact that they contain three lone-pairs of 
electrons in a three-membered ring. Whereas the alkoxycarbonyl and alkyl substituted 
triaziridines' turned out to be too unstable for PE measurements the stable triaziridine 
derivatives 1 and 22, as well as 3 and 4' are well suited for the investigation of the electronic 
structure of the triaziridine ring by means of PE spectroscopy in order to gain some 
information about the interaction of its lone-pair electrons. In this paper we report the PE 
spectra of 1 through 4 and the results of MNDO calculations which were carried out in order to 
estimate the influence of the various groups in these highly substituted compounds. 


R = Ph: 1 


R = CH3: 2 


n = 413 


n = 5 : 4  


* After submission of our paper a report on the PE spectra of 3 cis-fixed triaziridines appeared: R. 
Gleiter, C. Sigwart, H. Irngartinger, S. Giries, W. Marterer, 0. Klingler and H. Prinzbach 
Tetrahedron Leu. 29, 185 (1988). 
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2 


Figurc 1. PE spectra of the triaziridinc derivatives 1-4 


RESULTS 


In  Figure 1 the PE spectra of 1 4  are given; the relevant ionization potentials are summarized 
in Table 1 .  From the spectra it is seen that no bands are hidden by the ionizations from the 
phenyl group of 1 at 9.30 and 9.55 eV, so that all I.P.'s of the triaziridine ring must be higher 
than 10.4 eV. In all spectra two I.P.'s are discernible between 10 and 11 eV, that can be 


Table 1. Vertical ionization potentials (eV) of 
triaziridine derivatives 1 4  (mean values out of 3 


measurements) 


1 2 3 4 character 


9.30 7c (Ph) 
9.55 Jc (Ph) 


10.42 10.65 10.43 10.41 nA 
10.88 10.95 11.0 10.98 ns 
11.7 11.5 11.4 
12-3 12.1 12.4 12.4 
13-1 13.0 13.4 13-3 
14.25 14.1 14.2 14.4 
15.1 15.4 15.3 15.4 
16.0 16.2 15.9 16.0 
16.9 17-0 17.0 17.0 
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Figure 2. MNDO calculated energies of the highest occupied orbitals of triaziridine derivatives demonstrating the 
effect of (a) alkyl substituents at the triaziridine, (b) F and CF, substituents at the bicyclic triaziridine and (c) the 


phenyl group in compound I 
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Table 2. Heats of formation A HI in kcallmol from MNDO calculations of bicyclic triaziridines 
and monocyclic dimethyltriaziridine with optimized geometries 


X=H X=F X=CF, 
Y=H Y=F Y=H Y=F Y=CF, 


i'AHN-T: - AH,-c,..i = -150 kcalimol. 
AHc-,. = AHcx,:, = -103.6 kcal/rnol. 


assigned to lone-pair ionizations of the triaziridine ring. It has however to be stated that these 
bands are relatively broad - probably caused by the presence of diastereomeric mixtures (I)  
and conformational flexibility. In 3 and 4 these bands are already overlapped by strong 
a-ionizations from the cycloalkane rings. The general appearance of the spectra and the 
location of the peak maxima are rather similar for 1 - 4 (Table 1). However, no attempt was 
made to assign the I.P.'s above 11 eV to molecular orbitals or ionic states. 


The results of the MNDO calculations3 are collected in Table 2 and Figure 2. The heats of 
formation AH,  in Table 2 show that the cis-dimethyl substituted cis, cis-triaziridine with all 
three lone-pairs on the same side of the plane containing the three nitrogens if less stable by 
ca. 14 kcaVmol than the cis, trans-isomer. This is in good agreement with ab initio results for 
the parent c ~ m p o u n d . ~  Therefore, a cis-arrangement of all three lone-pairs is to be expected 
only if the triaziridine is sterically fixed by incorporation into an appropriate ring system.5 This 
is not the case for the compounds studied in this paper, which are all assumed to be cis, 
trans-triaziridines for steric and electronic reasons. From the orbital correlation diagram in 
Figure 2a it is seen that alkyl substituents destabilize the triaziridine orbitals and that the effect 
of the trimethylene bridge in the bicyclic compounds is slightly smaller than that of two methyl 
groups. The effect of the methyl group in a-position of the bicyclic compound is only marginal. 


Figure 2b shows that CF3 groups at the nitrogen and at the a-carbon stabilize the triaziridine 
orbitals considerably and that this stabilization can be simulated to a very good approximation 
with F'atoms instead of CF3 groups as substituents, as may be confirmed from the heats of 
formation given in Table 2. This reduces the complexity of the calculations considerably. From 
the data in Figure 2b and Table 2 it is also seen that for X,Y = F the electronegative 
substituents in a-position are more important for the heat of formation whereas the orbital 
energies are affected equally by substituents in both positions. Finally Figure 2c shows that the 
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phenyl group hardly affects the orbital energies of the bicyclic system, whereas electronegative 
substituents at the nitrogen and at the cw-carbon again strongly stabilize all orbitals. 


From the numerical results it is to be expected that the stabilizing effect of the CF3 groups in 
1-4 more or less compensates the destabilizing effect of the alkyl part of the molecule so that 
apart from the JX orbitals of the phenyl group in l(9.30 and 9.55 eV) the first two ionization 
potentials of these compounds are characteristic for the triaziridine moiety. 


DISCUSSION 


The calculated heats of formation in Table 2 prove quite clearly the effect of electron 
withdrawing substituents like the CF3 group in 1 4  on the stability of the triaziridine ring. Thus 
it is not surprising that a triaziridine containing only methyl and 1 ,&naphthyl substituents, 
which could be obtained by biphotonic laser photolysis at 1043.5 K, proved unstable and 
reacted quantitatively to the corresponding azimine even at 150 K6 


The unexpectedly high ionization potentials of the triaziridine ring correspond to the two 
highest occupied orbitals nA and ns which are degenerate in the cis, cis-isomer of the parent 
molecule. The calculated energies of these orbitals in 1 and 2 are between - 12 and - 12.8 eV 
whereas the lowest ionization potentials which could be assigned to these orbitals are 10.42 
and 10.88 eV for 1 and 10.65 and 10.95 eV for 2, respectively. This discrepancy could be due to 
the fact that the MNDO method may not be well suited for small ring compounds. But the 
good agreement between the MNDO orbital energies for the unsubstituted triaziridine 
(E(nA) = -11-6 and E(nS) = -11.8 eV) with the ab initio values (E(nA) = -11.8 and 
E(nS) = - 11.2 eV) rather suggests, that similar linear deviations from Koopmans 
approximation' are to be expected for ab initio and for MNDO calculations. From the 
empirical relation for ah initio orbital energies' and from the results for ionizations from 
nitrogen lone-pairs in lactams' the triaziridine ionization potentials estimated from MNDO 
orbital energies are expected to be too high by something like 10% or 1 eV. 


From the MNDO calculations the energy gap between the lone-pair combinations nA and ns 
and the Walsh orbitals wA and ws is expected to be of the order of 2.5 eV. The interaction 
between these two types of orbitals is therefore smaller than in the case of the 
triphosphoranes,"' although it is by no means negligible, as may be seen from LCAO 
coefficients of the order of 0.15-0.25 for the out-of-plane contributions to the Walsh orbitals. 
The ionizations corresponding to these orbitals are obscured beneath the 0 ionizations starting 
at 11.5 eV in the PE spectra of 1-4. The totally symmetric combination no of the three 
lone-pair orbitals is expected to give rise to a much higher ionization potential, as may be 
estimated from the MNDO orbital energy €(no) = - 17.6 or - 15.9 eV (both MO's show large 
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contributions of the no-orbital) for dimethyl triaziridine. As no unique assignment of a PE 
band to an ionization from this orbital is available it is not possible to obtain from the PE 
spectra a reliable estimate of the interaction between the lone-pairs. Since the three-orbital 
six-electron interaction is repulsive, the cis, trans-isomer with reduced 1,2- and 1,3- 
interactions is expected to be more stable in agreement with the SCF results. 


The PE spectroscopic and MO theoretical results are in good agreement with other 
properties of compounds 1 and 2. The high ionization potential indicative for the low 
availability of all lone-pair electrons correlates well with the cyclovoltammetric anodic 
potentials which are higher than expected for compounds with N-N single bonds: whereas 
for 1 due to the phenyl groups a concentration dependent peak potential of 2-78-2066 V is 
obtained in the range of 12 to 0-8 mmol/l, there are no deviations from the blank trace for 2 in 
the same range of concentration up to the limit of -3 V. In order to judge whether this might 
be caused by strange effects of the trifluoromethyl groups we measured the first two peak 
potentials of 6,6-dimethyl-4,4,8,8-tetrakis(trifluoromethyl)-l,5-diazabicyclo[3.3.0]oct-2-ene' ' 
and found the quite reasonable values of 1.26 and 1.73 V for this compound. Thus, the 
unusually high oxidation potential is inherent to the triaziridine ring. 


As expected, the "N-NMR chemical shifts (see Experimental) show comparatively small 
differences (A6 = 30-50 pprn) for the alkyl and the CF3 substituted nitrogens which is in 
agreement with the MNDO values of 5-07, 5-06 and 5.19 calculated for the valence electron 
density at the nitrogens in the CF3 substituted compound of Figure 2b as compared to 5.13 at 
all three nitrogens in the unsubstituted bicyclic system of Figure 2a. This again confirms the 
fact that the CF3 groups, although very effective in stabilizing the triaziridine ring, leave the 
highest ionization potentials and the populations of the lone-pair orbitals nearly unperturbed, 
as their influence is compensated by the alkyl part of the molecule. 


EXPERIMENTAL 


The PE spectra were recorded in the region of 6-21 eV using a Leybold-Heraeus UPG 200 
spectrometer with He-I excitation (21.21 eV). The calibration of the energy scale was 
performed with an Ar-Xe mixture. The accuracy of ionization potentials is _+O-03 eV for sharp 
peaks.I5N-NMR spectra were recorded on a Bruker WP400 spectrometer after addition of 
C r ( a ~ a c ) ~  with the external standard nitromethane (6 = +380-23 6 = 0 for liquid 
ammonia). Cyclovoltammograms were recorded with a Potentioscan Wenking POS 73 in 
acetonitril at Pt vs. SCE with 0.10 mol/l Bu4NC104 as supporting electrolyte with a scan rate of 
200 mV/s. MNDO calculations were performed by using the MNDOC version of QCPE 438 
for Perkin-Elmer 3242 (double precision) by Walter Thiel, with geometry optimization but 
taking into account symmetry equivalences wherever applicable. 


1 (two diastereomers 1:l) :13C-NMR (CDCls, 100MHz): 6 = 144.2, 129.1 (2C), 128.1, 
125.1 (2C). 123-2-122-1 (3CF3, q), 79.9 (septet, J = 25 Hz), 77.0, 37-7, 30.2 and 142.8, 
128-9 (2C), 127.9, 125*0(2C), 123.2-122.1 (3CF3, q,J = 25 Hz), 79.9 (septet, J = 25 Hz), 
76.0, 37.2, 29.7 ppm; "N-NMR (CDC13, 40.6 MHz):6 = 171.7, 156.2, 126.4 (9, J = 20 
Hz) and 167.3, 154.7, 122.0 ppm (4, J = 20 Hz). 


(q, J = 271 Hz), 80.0 (septet, J = 27 Hz), 70.7,38-7,26-5,26.1 ppm; "N-NMR (CDCI3, 
40.6 MHz): 6 = 173.3, 158.3 (septet, J = 6 Hz), 124.8 pprn (9, J = 20Hz). 


2 13C-NMR (CDC13, 100 MHz): 6 = 122.3 (q, J = 284 Hz), 121.8 (q, J = 285 Hz), 121.7 
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2,3 : 5,6-BIS (ETHY LENEDITHI0)- AND 
BIS(TRIMETHYLENEDITHT0)-N,N’- 


DICYANOQUINONEDIIMINES AS NEW ELECTRON 
ACCEPTORS 


T. OTSUBO, Y. NOBUHARA, K.  KANEFUJI, Y. ASO, AND F. OGURA* 
Department of Applied Chemistry, Faculty of Engineering, Hiroshima Univcwify Suijo, Higushi-Hirmhimu 724, Jupun. 


ABSTRACT 


In order to examine the substituent effect of ethylenedithio and trimethylenedithio groups on electron 
acceptors, the two title compounds were prepared in one step from the corresponding quinones. These 
species behave as weak x-electron acceptors owing to  the electronic and sterical effects of the fused 
groups. Only the bis(ethy1enedithio) derivative formed a charge-transfer complex with tetrathiotet- 
racene, which showed a moderate electric conductivity of 2.0 X lo-* S cm-’. In addition, both species 
oxidized copper, sodium, and potassium iodides to give the corresponding deeply colored metal salts, 
most of which were semiconductive. The naphtho analogs were similarly studied, but hardly served as 
electron acceptors. 


The discovery of a highly conducting charge-transfer complex of 1 , l ’  ,3,3‘-tetrathiafulvalene 
(TTF) (1) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) (3) has led to the dramatic 
development of new electron donors and acceptors which behave similarly. Of them, 


Y 


1 .  R = H  


x N 
‘C N 


3.  X = C(CNIZ  5 


2 .  R.R=SCHzCHzS 4, X -  N-CN 


4,5:4’,5’-bis(ethylenedithio)-l,1’,3,3’-tetrathiafulvalene (BEDT-TTF) (2) has been a topical 
donor since the appearance of superconductivity in some of its radical cation salts.’ The 
superior conductivity is mainly attributable to intermolecular sulfur-sulfur interactions of the 
fused ethylenedithio groups in the crystal structures. This has stimulated us to study a similar 
molecular modification on typical‘ acceptors such as TCNQ and N,N’-dicyano- 1,4- 
benzoquinonediimine (DCNQI) (4). DCNQI and its naphtho analog (5) were recently 
developed by Aumuller and Hunig and have aroused wide interest because they formed 
extraordinarily conductive c o m p l e x e ~ . ~ . ’ ~ ~  
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RESULTS AND DISCUSSION 


We have first designed the synthesis of 2,3:5,6-bis(ethylenedithio)-7,7,8,8- 
tetracyanoquinodimethane (8) using a modern synthetic method of TCNQa5 However, a direct 
condensation of 2,3:5,6-bis(ethylenedithio)-l ,Cbenzoquinone and malononitrile induced by 
TiCl4 was unsuccesful. On the other hand, a similar treatment of 2,3-(ethylenedithio)-1,4- 
naphthoquinone (11) led to the formation of 2,3-(ethylenedithio)-Il, 12-tetracyano-l,4- 
naphthoquinodimethane (13) in 22% yield together with half-substituted compound (16) in 
30% yield. The non-formation of 8 as well as the low yield of 13 are attributable to steric 
hindrance accompanied by the introduction of the dicyanomethylene function. In sharp 
contrast, the introduction of the less bulky cyanoimine function is very favorable. 


Scheme 1 


6, n = 2  8, n = 2 .  X=C(CN)Z 0% 


7. n - 3  9, n = 2 .  X-N-CN 8 5 2  


10, n . 3 ,  X = N - C N  2 8 %  


2,3:5,6-Bis(ethylenedithio)-N.N’-dicyano-l,4-benzoquinonediimine (BEDT-DCNQI) (9) and 
2,3-(ethylenedithio)-N,N’-dicyano-l,4-naphthoquinonediimine (14) like the parent compounds 
4 and 5 were thus obtained in excellent yields from quinones 6 and 11, 
respectively. In addition, 2,3:5,6-bis(trimethylenedithio)-N,Nr-dicyano-l,4-benzoquinonediimne 
(BTDT-DCNQI) (10) and its naphtho analog (15) were similarly prepared. The low yield 
(28%) of 10 from 7 seems to reflect another sterical problem of the more bulky 
trimethylenedithio group than the ethylenedithio group. Very small amounts of the 
half-substituted compounds 17 and 18 were also isolated as by-products of 14 and 15, 
respectively. 


Scheme 2 


11. n = 2  13, n = Z ,  X=C(CN12 16, n = 2 ,  X = C I C N ) 2  


12. n = 3  22 % 30 I 


86 f 2 %  


11 % trace 


14, n-2, X=N-CN 17, n.2. X=N-CN 


15, n - 3 .  X=N-CN 18, n . 3 ,  X = N - C N  


DCNQI (4) can take two configurations of syn and unti as to the mutual orientation of the 
cyano group,’ while N,N’-dicyano-l,4-naphthoquinonediimine (5 )  takes only one syn 
configuration, where both cyano groups are directed to the opposite site of the peri 
hydrogens.’,‘ The present symmetrical compounds 9 and 10 presumably maintain the same 
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stereochemistry as 4, though there is no evidence for it. Unsymmetrical compounds 14 and 15 
like 5 favor a syn configuration, but the cyano groups are directed to theperi hydrogen rather 
than the sulfur sites. This was confirmed by observation of an anisotropic effect of the cyano 
group on the peri-hydrogen signals (6 9.01 of 14 and 6 8.84 of 15) in their NMR spectra as 
compared to that (6 8.34) of 5. 


The cyclic voltammograms of all the present DCNQI acceptors exhibit two reversible redox 
waves. As shown in Table 1, the first half-wave reduction potentials of 9 and 10 relative to 
DCNQI 4 are rather lower, but the second one higher. This is also the case for 14 and 15 
relative to 5. The ethylenedithio and trimethylenedithio groups apparently exert an electron 
releasing effect as opposed to the substituent effect in BEDT-TTF,’ so as to retard the first 
reductions. On the other hand, the steric effects prompt the second reductions because the 
resulting dianions can be strain-free. The severe sterical requirement of the dicyanomethylene 
group of 13 especially favors the formation of dianion, causing a coalescence of the first and 
second reduction waves. 


Table 1. Half-wave redox potentials” 


Acceptor 


3 
4 
5 
9 


10 
13 
14 
15 


+0-25 
+0.30 
+0.13 
+0.19 
+0.22 


+0*05 
+042 


0.0 


Eli2 ( 2 P  


-0.47 
-0.35 
4 - 4 3  
-0-23 
-0.20 


-0.36 
-0.36 


a vs. Ag/AgCI in dichloromethanc. 


In addition to the decreasing electron affinity and the increasing steric hindrance, the less 
solubilities of the present DCNQI derivatives tend to make their n-complexation difficult. 
They, unlike parent DCNQI (4) and naphtho analog ( S ) ,  formed no crystalline complexes with 
’ITF. Only BEDT-DCNQI (9) could form a 1:2 charge-transfer complex with a stronger 
donor, tetrathiotetracene (TTT), whose electric conductivity was relatively high, 2.0 x S 
cm-’ (Table 2 ) .  On the other hand, both BEDT-DCNQI (9) and BTDT-DCNQI (10) could 
readily oxidize copper(1) iodide to form the black copper salts consisting of 1 : 1 composition of 
copper and acceptor, whose conductivities were, however, low. Both species also reacted with 
sodium iodide and potassium iodide to give deeply colored complexes which were 
semi-conductive or nearly insulating. Only  the Na and K salts of BEDT-DCNQI (9) were 
characterized to take 1:l  Composition. All the naphtho compounds (13), (14), and (15) have 
too weak electron affinities to oxidize such metal iodides. Thus, treatments of 14 and 15 with 
copper(1) iodide precipitated black semi-conductive materials, which corresponded to simply 
co-ordinated complexes with compositions of 14.Cu2C12 and 15.Cu2CI2 respectively. 


EXPERIMENTAL 


NMR spectra were determined on a JEOL PMX-60 or FX-90A spectrometer, MS spectra on a 
Shimazu QP-1000A spectrometer at 70 eV, and IR spectra on a Elitachi 260-30 
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Table 2. Complexation of acceptors 9, 10, 14, and 15 


Complex Appearance D.P. Found (Calculated)/% vC-N Conductivity" 
PC C H N /cm-' IS cm-' 


9.(TTT), greenish black powder >300 5541  
(55.36) 


9 - c u  black powder 238 35.69 
(36 - 03) 


1O.CU black powder >300 40.37 


14*Cu212 black powder" >300 25-12 
(25.62) 


(39- 19) 


15.Cu212 black powder' 222 27.61 
(26.33) 


9.Na pale brown powder 117 40.40 
(40.10) 


9.K pale brown powder 197 37.72 
(38-38) 


2.30 
(2.32) 
2.20 


2.89 
(2.20) 


(2.82) 
1.25 


(0.92) 
1.51 


( 1 -47) 
3.3 1 


(2-24) 
2-29 


(2-15) 


5.15 2095 2.0 X 
(5.38) 
13.53 2140 9.7 X lop7 


(14.01) 


(13.06) 
10.75 2129 6.4 X IO-"' 


8.10 2149 1.8 X lo-' 
(8.53) 
7.28 2120 3.0 x 


(8.19) 
14.88 2136 3.8 X lo-' 


( 1  5.59) 
14.25 2135 3.5 X lo-' 


(14.92) 


"The electric conductivities of all complexes except 9.(TlT), were mcabured on  a compressed pellet by a two probc 
method at room temperaturc. The conductivity of 9.(TTT), was dctcrmincd by use of a four probe method. 
"Beilstein test was positive. 


spectrophotometer. Cyclic voltammetry was made at 100 mV s-' scan rate in 2 mol m-3 
dichloromethane solution with tetrabutylammonium perchlorate as supporting electrolyte by a 
Hokuto Denko HA-301 potentiostat and a Hokuto Denko HB-104 function generator using a 
Ag/AgCl reference electrode, a glassy carbon working electrode, and a platinum counter 
electrode. 


Quinones 6 ,  7, 11, and 12. 


The preparations of these quinones were carried out by a modification of the synthetic 
method of 11 reported by Hahn and Wojciechowski.8 
2,3:5,6-Bis(ethylenedithio)-1,4-benzoquinone (6) was obtained by refluxing a mixture of 


chloranil(7.38 g, 30 mmol), sodium carbonate (12-19 g, 115 mmol), and l,Zethanedithiol(7*1 
cm3, 75 mmol) in ethanol (550 cm') for 5 h. The mixture was concentrated in vacuo, and the 
residue was extracted with dichloromethane using a Soxhlet extractor. After evaporation, the 
extract was recrystallized from chlorobenzene to give green fine crystals of 6 ,  yield 4.33 g 
(50%), mp>300"C (lit.,9 mp 314315°C); 'H-NMR (CDC13) 6 = 3.24 (s); IR (KBr) 1620 cm-' 
(C=0); MS mlz 288 (Mf) .  Calculated for C10HX02S4: C, 41-65; H,  2.80%. Found:C, 41.63; 


2,3:5,6-Bis(trimethylenedithio)-l,4-benzoquinone (7) was similarly obtained by treatment 
of chloranil with 1.3-propanedithiol. yield 80%, green needles from chlorobenzene. 
mp>300"C; 'H-NMR (CDC13) 6 = 2.1 1 (4H, quint, J = 6.0 Hz), 3.55 (8H, t ,  J = 6.0 Hz); 1R 
(KBr) 1624 cm-' (C=O). Calculated for CIZHI202S4: C, 45.54; H, 3.82%. Found: C, 45.51; 


H, 2.78%. 


H. 3.80%. 
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2,3-(Ethylenedithio) and 2,3-(trimethylenedithio)-l ,4-naphthoquinones (1 1) and (12) were 
obtained by a similar treatment of 2,3-dichloro-l,4-naphthoquinone (85 mmol) with the 
corresponding alkanedithiol (163 mmol) in refluxing butanol (700 cm') containing potassium 
carbonate (163 mmol). 11: yield 92%, dark red needles from butanol, mp 241-242°C (lit.,'mp 
241-241~5°C); 'H-NMR (CDC13) 6 = 3.27 (4H, s), 7.51-7-81 (2H, m),  7.87-8.17 (2H, m); IR 
(KBr) 1642 cm-' (C=O). Calculated for C12HX02S2: C, 58-04; H, 3.25%. Found: C, 58.00; 
H, 3.17%. 12: yield 83%. reddish brown needles from ethanol, mp 148°C; 'H-NMR (CDC13) 
6 = 2.16 (2H, quint ,  J = 6.6 Hz), 3-63 (4H, t , J  = 6.6 Hz), 7-53-7.81 (2H, m). 7.93-8.16 (2H, 
m); 1R (KBr) 1653 cm-' (C=O); MS m/z 229 (Mi). Calculated for C13H1002S2: C, 59-52; H, 
3.84%. Found: C, 59.62; H, 3.81%. 


Dicyanoquinondiimines 9, 10, 14, and 15. 


Titanium tetrachloride (1.8 cm', 16.4 mmol) and bis(trimethylsilyl)carbodiimide (2.33 g, 12-5 
mmol) were successively added into a stirred suspension of quinone 6 (0-15 q,  0.50 mmol) in 
dry dichloromethane (240 cm') under nitrogen. The mixture was allowed to react at room 
temperature for 4 days, quenched with water, and extracted with a large amount of 
dichloromethane. The extract was dried (MgS04), concentrated, and recrystallized from 
chlorobenzene to give copper-colored crystals of 2,3:5,6-bis(ethylenedithio)-N,Nr-dicyano- 
1,4-benzoquinonediimine (9),  yield 85%. mp>300"C; 'H-NMR (CDCIJ 6 = 3.347 (s); IR 
(KBr) 2136 cm-' (CN). Calculated for CI2H8N4S4: C, 42-84; H, 2-40; N, 16.65%. Found: C, 
42-85; H, 2.33; N, 16.63%. 
2,3:5,6-Bis(trimethylenedithio)-N,N'-dicyano-l,4-benzoquinonediimine (10) was similarly 


prepared from quinone 7, yield 28%, copper-colored crystals from acetonitrile, mp>300"C; 
H-NMR (CDCI?) b = 2.167 (4H, quint. J = 6.0 Hz). 3.567 (8H, t, J = 6 Hz); IR (KBr) 2130 


cm-' (CN). Calculated for CI4Hl2N4S4: C, 46-13; H, 3-32; N, 15-37. Found: C, 46.13; H, 3-06; 


2,3-( Ethy1enedithio)- and 2,3-(trimethylenedithio)-N,N'-dicyano-l,4-naphthoquinone- 
diimine (14) and (15) were similarly prepared from the corresponding naphthoquinones 11 and 
12. The reactions were complete within 12 h at room temperature. The work-up was carried 
out by addition of a large amount of pentane into the reaction mixtures followed by 
recrystallization of the resulting deposit from acetonitrile. 14: yield 8696, deep blue crystals, 
mp>300"C; IH-NMR (CDC13) 6 = 3.352 (413, s), 7.82 (2H, m),  9.01 (2H, m); IR(KBr) 2159 
cm-' (CN); MS mlz 296 (M+). Calculated for CI4H8N4S2: C, 56.74; H 2.72; N, 18.90%. 
Found: C, 56.64; H, 2-68; N, 18.73%. 15: yield 77%, dark blue columns, mp 197-198°C; 
'H-NMR (CDC13) 6 = 2.193 (2H, quint, J = 6.1 Hz), 3-678 (4H, t, J = 6.1 Hz), 7.79 (2H, m), 
8.84 (2H, m); IR (KBr) 2152 cm-' (CN). Calculated for C1sH10N4S2: C, 58-04; H, 3.25; N, 
18.05%. Found: C, 58.04; H, 3.24; N, 18.05%. The half-substituted compounds 17 and 18 
were obtained from column chromatography of these mother liquors on  silica gel with 1:l 
benzene-hexane. 17: yield 1.9%, deep violet crystals from acetonitrile, mp 203°C; 'H-NMR 
(CDC13) 6 = 3-31 (4H, s), 7.50-7-87 (2H, m), 8.00-8.27 ( lH,  m), 8.87-9-10 (IH, m); IR 
(KBr) 1636 (CO), 2155 (CN) cm-'; MS m/z 272 (M+). Calculated for CI3H8N20S2: C, 57.33; 
H, 2-96; N, 10.29%. Found: C, 57.03; H, 2.80; N, 9.49%. 18: a trace amount of yield, blue 
needles from acetonitrile, mp 239-240°C; 'H-NMR (CDCl3) 6 = 2.17 (2H, quint, J = 5.9 Hz), 
3.62 (2H, t. J = 5.9 Hz), 3.67 (2H, t, J = 5.9 Hz), 7-55-7-85 (2H, m), 7.95-8.25 (lH, m), 
8.75-9.00 ( l H ,  m); IR (KBr) 1645 (CO), 2157 (CN) cm-'; MS m/z 286 (M+). Calculated for 
CI4HIoN20S2: C, 58.72; H, 3.52; N, 9.78%. Found: C, 58.66; H, 3-43; N, 9.50%. 


I 


N, 15.089%. 
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2,3-(Ethylenedithio)-9,9 lO,lO-tetracyano-l,4naphthoquinone (13) and 
2,3-(ethylenedithio)-4-dicyanomethylene-1,4-dihydro-l-naphthalenone (16) 


Titanium tetrachloride (0.3 crn-') was slowly added over a period of 5 min into a suspension of 
quinone 11 (123 mg, 0-5 rnmol) and malononitrile (92 mg, 1.4 mmol) in dry dichlorornethane 
(20 cm3) at ice-cooling under nitrogen. The dry pyridine (0.9 cm') was added over a period of 6 
min. The mixture was stirred at room temperature for one day and concentrated in vacuo. The 
residue was treated with 10% hydrochloric acid, and the insoluble solid was chromatog- 
raphed on silica gel with 1:2 benzene-hexane to give firstly compound 13 (38 mg, 22%) and 
secondly 16 (45 mg. 30%). 13: deep purple powder from acetonitrile, mp>300"C; 'H-NMR 
(CDC13) 6 = 3.474 (4H, s), 7-67 (2H, m), 8.18 (2H, m); IR (KBr) 2225 cm-' (CN); MS mlz 
344 (M+). Calculated for CIXHXN4S2: C, 62.77; H, 2.34; N,  16.27%. Found: C 62-60; H, 2.30; 
N ,  15.83%. 16: purplish red powder from acetonitrile, mp 247°C (dec.); 'H-NMR (CDCI') 
6 = 3.396 (4H, s), 7.567.78 (2H, m), 8-00-8-23 (2H, m); IR (KBr) 1649 (CO), 2223 (CN) 
cm-'; MS m/z 296 (M+). Calculated for CI5 H,N20S2; C, 60.79; H, 2.72; N, 9.45%. Found: C, 
60.76; H, 2.62; N, 9.39%. 


Complexation 


The 9 (TIT), complex was formed by an equimolar mixing of both components in hot 
chlorobenzene solution. The copper complexes were prepared by mixing hot acetonitrile and 
solutions of the acceptor and copper iodide except complexation of 9 in hot benzonitrile. The 
sodium and potassium complexes were also prepared by mixing the hot chlorobenzene 
solution of the acceptor with the hot acetonitrile solution of NaI or KI . All these deeply 
colored complexes precipitated out immediately or on cooling in a refrigerator, and were 
collected by filtration. 
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ABSTRACT 


Substrates with neutral leaving groups undergo unimolecular solvolysis in nonpolar solvents. Whereas 
t-alkyl substrates invariably solvolyze by a unimolecular mechanism, .r-alkyl and primary alkyl substrates 
can undergo both uni and bimolecular reactions, and the bimolecular step can take place on either the 
substrate itself or on an intimate ion-molecule pair formed in either a pre-equilibrium or in a rate 
determining step. Study of reactions at borderlines indicates that the individual reaction types remain 
distinct and d o  not merge. 


INTRODUCTION 


The recognition by Ingold’  of  distinct SN1 and SN2 reaction mechanisms for nucleophilic 
substitution at saturated carbon atoms was a milestone in the development of organic 
chemistry. Although the reality of these distinct reaction types is now universally recognized, 
the fundamental question of whether SN1 and s N 2  reactions remain distinct at the borderline 
or gradually merge is still very controversial. As emphasized by March in the most recent 
edition of his text book2” this uncertainty complicates the teaching of this important subject 
and serves to confuse beginners and advanced students alike. 


We believe that we have provided clear and unambiguous evidence to resolve this 
controversy and uncertainty; i.e. that we have proved that s N 1  and SN2 type reactions can 
indeed remain distinct and that at a mechanistic borderline reaction can occur by both reaction 
types proceeding independently and simultaneously. Because of the importance of these 
conclusions we believe that i t  is appropriate to bring our results to the notice of the wider 
audience of organic chemists; no literature rebuttal of our views has appeared although we 
have sometimes been subjected to vigorous attacks by referees. 


In 1978, one of use commenced a study of the mechanistic aspects of nucleophilic 
substitiution at saturated carbon atoms where a neutral heterocyclic species was the leaving 
group.3 This study was originally motivated by the need for understanding a reaction of 


0894-3230/88/0 1000 1 -20$10.00 
@ 1988 by John Wiley & Sons, Ltd. 


Received 14 August I987 
Revised 30 September 1987 







2 A .  K .  K A T K I T Z K Y  A N D  B .  E. B K Y C K l  


7.0 


5.0 


3.0 


1 .o - -  
P y r i d i n e  


0.1 0.3 0.5 
Nu (mo1.L-’ ) 


Figure I .  Nucleophilic subhtitution by simultaneous S, 1 and S,2 reactions: k,,,,, for I-isopropy1-2,4.6- 
triphenylpyridinium cation (14a) (1.6 mM) plotted vs. nucleophilic concentration (chlorobcnzene solution. I O O T ) .  


(Reproduced from Reference 5 with permission) 


considerable synthetic p ~ t e n t i a l , ~  but i t  soon became evident that it could lead to a deeper 
understanding of the mechanisms of nucleophilic substitution in general. 


The  first key observation’ was that plots of substrate rates vs. nucleophile concentration 
under pseudo first order conditions, while nearly always straight lines, often showed a positive 
intercept on the y-axis. This behaviour was found for secondary alkyl groups, and the intercept 
(but not the slope) for each compound was invariant with nucleophile as seen, for example in 
Figure I ,  for the 1 -isopropyl-2,4,6-triphenylpyridinium cation. By contrast, primary alkyl 
groups generally did not show such intercepts: in Figure 2 this is illustrated for a series of 
benzo(h]quinolinium cations. 


The  simplest inference from the above results was that unimolecular and bimolecular 
reactions were proceeding simultaneously and independently for the secondary alkyl 
substrates; to settle this, we commenced a series of detailed investigations. These confirmed 
the above inference, and disclosed a rich variety of mechanistic behavior. 


W e  summarized the results of our mechanistic observations up to 1983 in a review6 entitled 
‘New insights into aliphatic nucleophilic substitution reactions from the use of pyridines as 
leaving groups’. By 1983, it was already clear that nucleophilic displacements via direct 
displacements, via free carbonium, via intimate ion-molecule pairs and via electron transfer 
had all been demonstrated (Scheme 1).  During the past four years we have extended our  work 
to cover nucleophilic displacements at tertiary’ as well as at primaryX and at  secondary-” 
saturated carbon atoms, and have consolidated our position particularly by a detailed 
examination of the behavior at  mechanistic borderlines. These further investigations have left 
unchanged, and indeed have greatly strengthened, the conclusions of the earlier work. 


The  present review attempts to provide a contemporary summary of the overall position, 
emphasizing the results obtained in the more recent work, and drawing specific conclusions 
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Figure 2 .  Kate variation with N-substituent: k,,, , ,  for reactions of N-substituted-2.4-diphenyl-S,6- 
dihydrohenzo[h]quinolinium cations (64 prn0-1 ‘1 with piperdine In chlorohenzene :it I O O T .  (Reproduced from 


Reference 6 with permission) 


regarding the independence vs. gradual merging of mechanisms and, in particular, the 
behavior at borderlines. It must be emphasized that the present results are for positively 
charged substrates and neutral leaving groups, and any extension of the conclusions to the 
more common class of neutral substrates with negatively charged leaving groups is by 
inference only. However, we believe that such inferences are often rather compelling. 


SOLVOLYSIS” REACTIONS IN NON-POLAR SOLVENTS 


As has been pointed out previously, the use of positively charged substrates and neutral 
leaving groups has several advantages for the study of nucleophilic substitution 
Unimolecular reactions of a neutral substrate involve charge creation in the transition state, 
such reactions therefore require media of high dielectric constant to proceed at measurable 
rates. Unfortunately, the roles of such a medium as solvent and as nucleophile are not easily 


*We define the term ‘solvolysis’ as ‘a reaction which i s  induced by the dissolution of a substrate in a solvent’. Note that 
in solvolysis a solvent molecule need not be involved in the rate determining step (cf ‘thermolysis’ a reaction induced 
by heat, and ‘photolysis’ induced by light). 
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Scheme 1. Nucleophilic substitutions with pyridine-leaving group. (Reproduced from Reference 6 with permission) 


disentangled. Advantageously, substrates with neutral leaving groups can undergo 
unimolecular reactions in media of low dielectric constant. Furthermore, the reaction scheme 
is less complex in that the distinction in the Winstein scheme between a solvent-separated ion 
pair and a free carbocation (caused by strong electrostatic attraction) disappears: for positively 
charged substrates we simply have intimate ion-molecule pairs as the only distinct 
intermediate between the original substrate and a free carbocation. 


It has sometimes been suggestedI3 that solvolysis reactions in non-polar solvents such as 
chlorobenzene are induced by small quantities of water dissolved in the solvent: this possibility 
has now been rigorously excluded by demonstrating that the addition of measured amounts of 
water well in excess of those originally in the solvent causes no significant change in the 
reaction rates. l 2  We have also reconfirmed the linearity of the bimolecular component of the 
reaction rate with nucleophile concentration, and the independence of the intercept with the 
nature as well as the concentration of the nucleophile (as illustrated in Figure 1). [At the 
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concentrations of nucleophiles (always below 4% v/v) used in this work, the polarity of the 
solvent is affected by the bulk effect of nucleophile only very slightly (e.g., the dieletric 
constant of chlorobenzene will be increased from 5.61 to 5.62 by 4% of piperidine if the effect 
is additive). Thus, the influence on rate constants, especially for positively charged systems is 
negligible.] Further, it has been shown that the rate constants are not significantly affected by 
the use of different gegenions, such as perchlorate, tetrafluoroborate or triflate.'* 


The question of the products of solvolysis reactions which proceed in a non-nucleophilic 
solvent in the absence of nucleophile has also been e l~c ida ted . '~  Mono-, tri-, and pentacyclic 
N-benzylpyridinium tetrafluoroborates undergo solvolysis in the absence of nucleophiles in 
chlorobenzene as solvent to give products of benzylation both of the solvent and of the 
pyridine leaving group. Thermolysis alone, and thermally induced solvolysis in nitrobenzene, 
yielded mainly products of benzylation of the solvent or of the leaving group. Thus, 
monocyclic N-benzyl cation (1) in chlorobenzene as solvent in the absence of other 
nucleophiles gives two products [(2a) and (2b)l of benzylation of the solvent and three 
p-bromobenzylated pyridines [(3), (4), and another isomer in which the position of the 
p-bromobenzyl group was not established]. The pyridinium salt (1) on solvolysis in 
nitrobenzene behaves similarly; C-(p-bromobenzylation) of nitrobenzene was observed (any 
products of 0-benzylation would be unstable under the g.1.c. conditions) and the 
p-bromobenzylpyridines (3) and (4) were found, together with three more p-bromobenzylated 
isomers and some bis-(p-bromobenzy1)pyridine (5 ) .  Thermolysis of the pyridinium salt (1) 
neat gave compounds (3) and (4), two p-bromobenzylated isomers, and a trace of 
bis-(p-bromobenzy1)pyridine (5 ) .  
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The pentacyclic N-benzyl cation (6k) behaves similarly to the cation (7) in chlorobenzene as 
solvent in that it gives (8) and a benzylated base (9). However, five isomeric products (10a-e) 
of the reaction of two benzyl cations with one solvent molecule was also found. Those 
probably arise from the reaction of ion conglomerates: it has been shown that at 
concentrations > 5 mmol.kg- ' , N-benzyl pyridinium cation (6k) forms associated species even 
at elevated temperatures. Is Such conglomerates can be both nonionic (quadrupoles or higher 
dipole-dipole aggregates) and ionic (e.g. triple ions). Thus, formation of isomeric products 
(10a-e) is not surprising. However, the aggregation is negligible at concentrations < 
2mmol.kgp', in the range used for kinetic measurements.'s 


These results support the experimental basis of the previous interpretation' of the kinetic 
behavior of N-subsitituent displacement, in particular the occurrence of distinct unirnolecular 
and bimolecular reaction modes. We now provide a summary of some of our more recent 
results which have dealt with the solvolyses and nucleophilic substitutions of the three 
fundamental substrate types (primary, secondary, and tertiary alkyl), and the behavior at 
borderlines (note: a detailed review of our experimental data up to 1984 is available''). 


NLJCLEOPHILIC SUBSTITUTIONS CLASSIFIED BY SUBSTRATE TYPE 


Nucleophilic Substitution of t-Alkyl Substrates 


Nucleophilic displacements at t-alkyl centers have generally been assumed to occur exclusively 
by a unimolecular SN1 type mechanism with' or without" the intermediacy of ion-pairs: for a 
recent review see March.2b The work of Taft and KamletI8 also indicates that the participation 
of electrophilic assistance in the solvolysis of t-butyl halides is important and that nucleophilic 
participation plays a negligible role in such solvolyses. In contrast, Bentley and his co-workers 
have recently advocated nucleophilic solvent assistance in the solvolysis reactions of r-alkyl 
substrates. l9  However, our work on t-alkyl substrates' does not support this last claim. 
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Figure 3 .  Plots against E ,  of logarithms of obscrved rate constants for thc solvolysis in various solvents of a 
I-( 1-methyl-1-phenylethy1)pyridinium perchlorate (Ilc) at 8 0 T ,  b cumyl chloride at 25 "C, c 1-f-butylpyridinium 
perchlorate ( l l b )  at  180"C, d t-butyl chloride at  18O"C, e I-(1-adamanty1)pyridiniurn perchlorate (1  la) at 19O"C, f 
1-adamantyl tosylate at 19G"C and g I-adamantyl chloride at 50°C. (Keproduced from Reference 4 with permission) 
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Solvolysis rates for 1-(1-adamanty1)- (l la),  1-t-butyl- ( l lb) ,  and 1-(1-methyl-1- 
pheny1ethyl)pyridinium cations (l lc) depend neither on solvent polarity, nor electrophilicity, 
nor solvent nucleophilicity. In Figure 3, the solvent polarity parameter of Dimroth, ET,20 is 
used as a comprehensive measure of the overall solvation ability of the solvent. It has been 
shown, that the ET scale corresponds to a linear combination of solvent dipolarity, II*, and 
hydrogen bond donor acidity, a (a in turn corresponds to solvent electrophilicity).'8 Thus, ET 
is a combined measure of general solvent power and specific electrophilic solvation of the 
leaving group. The solvolysis rates of IlaN show less variation with the substrate structure 
than do those of the corresponding compounds with anionic leaving groups. Furthermore, 
these rates are not affected by pH change, nor by the presence of NEt,, piperidine, nor NaN,. 
In addition, no evidence is shown for nucleophilic assistance by the solvent for the solvolysis of 
the t-butyldimethyisulfonium cation (12), when a plot of rate vs. ET is compared with similar 
plots for pyridinium cations (Figure 4): such assistance has been postulated by Kevill, Kamil 
and Anderson.2' 
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Figure 4.  Plots of logarithms of observed rate constants for the solvolysis in various solvents of h f-BuS+Me2 (12) 
(CF3S03- as gegenion in t-butanol, isopropanol, acetic acid, 2,2,2-trifluoroethanoI and water at 50°C and CI- as 
gegenion in methanol and ethanol at 50.4"C) and i-n of, respectively: i l-isopropyl-(13c), j l-s-butyl-(lM), k 
1-(2-penty1)-(13a), I 1-(2-hepty1)-( 1&), m 1-(3-methyl-2-butyl-(13f), n 1-(3-pentyl)-5,6-dihydro-2,4-diphenylbenzo[hJ 


quinolinum tetrafluoroborates (131) at 100°C. (Reproduced from Reference 4 with permission) 







NUCLEOPHIIJC SUBSTITUTION 9 


Conclusion. t-Alkylpyridinium cations solvolyze by an SN 1 type mechanism. It is tempting to 
extend this conclusion to other t-alkyl substrates. 


Nucleophilic Substitution of Secondary Alkyl Substrates 


The mechanism of the solvolysis of secondary alkyl substrates has long been controversial, 
particularly as regards the role of the solvent in the process. Our detailed study""' of the 
solvolyses of a series of 1-(s-alky1)pyridinium cations (13a-e) in different solvents 
demonstrates clearly the operation of the Winstein-Ingold mechanism (Scheme 2 )  and the 
satisfactory interpretation of our results requires no 'intermediate' type mechanisms. 


- 13 2: R = 2-pentyl 
- b :  R = 3-pentyl 
- c: H = i sop ropy l  


- e :  R = 2-heptyl 
- f :  R = 3-methyl-2-butyl 


- d: R = s-butyl  


- 14 2:  R = isopropyl 
b :  R = p-methoxybenzyl - 


In particular, our studies9."' of the solvolysis of N-(sec-alky1)pyndinium cations in 
non-nucleophilic solvents (chlorobenzene, acetonitrile, chloroform) with added nucleophile 
(piperidine) showed no rate dependence on nucleophile concentration and gave products with 
no rearrangement of the carbon skeleton. Solvolysis in weakly nucleophilic solvents 
(1,1,1,3,3,3-hexafluoropropan-2-ol, trifluoroacetic acid, 2,2,2-trifluoroethanoI) gave partially 
rearranged products in the absence of added nucleophile; however in the presence of added 
nucleophile (morpholine) the products of solvolysis in 1,1,1,3,3,3-hexafluoropropan-2-o1 are 
not rearranged although the rates are unaffected by the nucleophile concentration. Solvolysis 
in nucleophilic solvents (pentanol, acetic acid) gave unrearranged products. 


Although originally thought to describe steric effects,22 it is now generally accepted that u* 
values are a measure of the electron-donor ability of alkyl groups.23 Hence, the sum of ( ( s * ~ '  + 
o * ~ * , )  for secondary alkyl groups R'R''CH is a measure of the sum of the stabilization afforded 
by R' and R ,  and hence of that of R ' R T H  itself, to the reaction center. Rate plots vs. u* or 
Zu* for series of similar substrates are frequently linear, and the slopes (p* values) provide 
mechanistic criteria. As u* becomes more negative, the ability of the alkyl group to stabilize a 
positive charge increases. Hence a large negative p* value indicates that reaction proceeds via 
a transition state in which positive charge stabilization of an incipient carbonium ion is 
important. 


The rates for the solvolysis of cations (13a-f) in the three non-nucleophilic, the three weakly 
nucleophilic and the two strongly nucleophilic solvents mentioned above in every case plotted 
as straight lines against Xu*. The p* values thus derived correlate well with the parameter of 
Dimroth, &,*(' for (a) the non-nucleophilic solvents and (b) the weakly nucleophilic solvents 
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Scheme 2. Nucleophilic displacements and solvolytic pathways for secondary systems. (Reproduced from Reference 


10 with permission) 


whether in the absence or presence of external nucleophile (Figure S), displaying a steady 
decrease in p* as ET increases. 


This is in accord with the Hughes and Ingold theory” of solvent effects on rates of 
nucleophilic substitutions: the reaction rate for a positively charged substrate with a neutral 
nucleophile should decrease with increasing solvent polarity for both the unirnolecular and 
birnolecular mechanisms. In the solvolyses of pyridiniurn cations, charge is more localized in 


Figure 5. Plot of p* vs. E l  for solvolyses of I-(secondary alkyl)-5,6-dihydro-2,4-diphenylbenzo[h]quin~linum cations 
(13a-f) in the presence (0) and in the absence of external nucleophile (A) .  (Reproduced from Reference 7 with 


permission) 
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the starting material than in the transition state, and the more localized charge is stabilized by 
more polar solvents. In the polar, but weakly nucleophilic solvents, the absolute rates are 
therefore slower, but the dependence of rate on stabilization of R+ is greater and p" is more 
negative. 


As the reactions in the non-nucleophilic solvents are clearly of unimolecular SN3 type, we 
deduce that the rate-determining stage for the solvolyses in the weakly nucleophilic solvents is 
also s N 1 ,  whether or not there is added nucleophile (the significance of rearrangement in the 
absence, and non-rearrangement in the presence, of nucleophile, is discussed later). However, 
in the nucleophilic solvents (pentanol, or acetic acid) the p* values are far less negative than 
expected on the basis of solvent polarity (Figure 5 ) .  This indicates that in addition to the s N 1  
mechanism, a competitive s N 2  mechanism occurs in the nucleophilic solvents, where the acetic 
acid or pentanol moleculaes are acting not simply as solvent hut also as nucleophiles. 


In nucleophilic solvents such as pentanol or acetic acid, ko > k , ,  (Scheme 2). For all 
solvolyses in the presence of an external nucleophile the s N 1  mechanism applies: kZ[Nu] > k3 
> k ,  +- ko in Scheme 2. The separation of the initially formed ion-molecule pair, while it is not 
the rate determining step, becomes important for product determination in weakly 
non-nucleophilic solvents such as trifluoroacetic acid and 1,1,1,3,3,3-hexafluoropropan-2-ol 
( k j  > k2 > k ,  > ko in the Scheme 2). 


Conclusion. The solvolyses of N-(secondary)alkyl pyridinium cations occur by unimolecular 
s N 1  mechanisms in non-nucleophilic and in weakly nucleophilic solvents and the s N 1  
mechanism can continue to dominate even in the presence of sufficiently small concentrations 
of good nucleophiles. However, in nucleophilic solvents the solvent acts not only as a solvent 
but also as a nucleophile and a bimolecular s N 2  mechanism competes effectively with the SN1 
reaction. For other secondary substrates. in the absence of good evidence to the contrary, a 
similar pattern must be seriously considered. 


Nucleophilic Substitution of Primary Alkyl Substrates 


Available Mechanisms 


Potential mechanistic pathways for the solvolytic nucleophilic substitution of primary alkyl 
substrates are shown in Scheme 3. The interpretation of the considerable body of available 
experimental evidence has been controversial. Winstein and Marshal24 postulates a normally 
dominant direct SN2 displacement (16 + 15, Scheme 3) with solvent as nucleophile to yield 
unrearranged product, together with an occasionally observed competitive rate-determining 
first-order anchimerically assisted heterolysis (16 + 19, Scheme 3) which was followed by fast 
formation of rearranged product (19 + 20, Scheme 3). However, other workers have denied 
the existence of anchimeric assistance by H or Me transfer and have interpreted the results in 
terms of path 16 -+ 15, path 16 + 18 + 19 -+ 20, and path 16 + 18 + 15 + of Scheme 
3 . 2 5 2 7  In 1966, Nordlander, Schleyer et af." summarized previous evidence for and against 
participation in the rate determining stage; they concluded that none was definitive, but 
provided new evidence from the 1-adamantylcarbinyl system which they (and we) consider 
strongly favours nonparticipation. However, the subject remains controversial; thus, in his 
review," Harris tentatively decides in favor of the k, + kA theory, and Ando et al.28 and 


have presented secondary kinetic isotope effect evidence in favor of participation in 
neopentyl solvolyses. 
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Scheme 3. Nucleophilic displacements and solvolytic pathways for primary systems. (X is positively charged or 
neutral group in 16 and negatively chared or neutral group in 18. (Reproduced from Reference 8 with permission) 


We have studied this area by considering both the behavior of @-branched primary alkyl 
derivatives, and of longer chain primary alkyl pyridiniums. 


Products and Rates of Solvolysis of /3-Branched N-(Primary-alky1)pyridiniums 


Our work' on the solvolysis rates of N-(primary-alkyl)-5,6,8,9-tetrahydro-7- 
phenyldibenzo[c,h]acridiniums (6a-e, 6g-j) in methanol, ethanol, n-pentanol, acetic acid, and 
trifluoroacetic acid allows resolution of the controversy, at least for the positively charged 
substrates studied. 


The n-propyl-, n-pentyl-, and n-octyl-acridiniums (6c-e) solvolyze in deuterated methanol 
(CH,OD) and deuterated acetic acid (CH3C02D) to give mixtures of normal (16 -+ 15) and 
rearranged (16 -+ 20) methyl ethers and acetate esters,, respectively. None of these solvolysis 
products contain deuterium and hence none of them are formed via olefin intermediates (17 in 
Scheme 3). The rearranged product (20, Scheme 3) therefore arises by an S N 1  type 
mechanism, which could be either path 16 -+ 18 + 19 -+ 20, or path 16 -+ 19 -+ 20 (Scheme 
3). However, the absolute rate discloses no evidence for rate-enhancing anchimeric assistance 
even when p-phenyl or @-methoxy groups are present and this evidence favors route 16 -+ 18 
+ 19 -+ 20 (Scheme 3). 


Methanolysis of the isobutylacridinium (6g) occurs via olefin (17), but the acetolysis also 
involves an important nonolefinic pathway yielding both isobutyl and sec-butyl acetate. 
Methanolysis products from the neopentyl derivative (6h) are heavily deuterated, but 
acetolysis of 6h yields undeuterated neopentyl acetate (cf. 16) as well as deuterated tert-pentyl 
acetate (cf. 20). 


Individual product yields were calculated using GCiMS, and these were used to derive 
individual rates; literature data were used to obtain individual rates for the corresponding 
tosylate solvolyses (Table 1 and 2 ) .  The unrearranged products (Table 1) could arise by either 
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(or both) of path 16 + 15 and path 16 -+ 18 + 15 of Scheme 3. For the tosylates, the rate falls 
dramatically for the isobutyl and neopentyl compounds (as compared to methyl and ethyl) in 
both EtOH and AcOH (rate range ca. lo')), and the same trend is found for the 
N-alkylacridiniums in MeOH. All this is consistent with the SN2 path 16 -+ 15 of Scheme 3. 
However, for the N-alkylacridiniums in AcOH, the rates for all the alkyl groups are constant 
within a factor of - 4; this cannot be reconciled with path 16 + 15, but is just what is expected 
for the ionizationpath 16 -+ 18 + 15. 


For the rearranged products, the rates in Table 2 represent products formed by path 
16 + 19 + 20 andor  path 16 -+ 18 -+ 19 + 20 of Scheme 3 (products deduced to have been 
formed by way of elimination reaction in the initial step have been omitted from 
consideration). For the solvolyses of the 1-alkylacridiniums in AcOH, we have already 
implicated the ion-molecule pair (18) as an intermediate in the formation of the unrearranged 
products by path 16 -+ 18 + 15. If path 16 -+ 18 + 19 3 20, with the common intermediate 
(18), operates for the formation of the rearranged products, the ratio of migration to direct 
substitution is expected to remain near constant (with perhaps a statistical factor) over the 
series for H migration and over the series for Me migration. Table 3 shows that this is 
approximately so for the I-alkylacridinium salts in acetic acid. This evidence strongly supports 
the intimate ion pair (or ion-molecule pair) intermediate 18. 


By contrast, where the direct substitution occurs by path 16 + 15, i.e. as deduced for the 
1-alkylacridiniums in MeOH and for the tosylates in EtOH and AcOH, such constancy of 
ratios are neither expected nor observed (Table 3). 


The above reasoning is a firm basis to assign path 16 += 18 + 19 -+ 20 to the formation of 
the rearranged products for the 1-alkylacridiniums in AcOH. We believe that path 16 -+ 15 
probably also applies for these compounds in MeOH in view of the absence of anchimeric 
assistance found for the 0-methoxyethyl (6j) and especially the P-phenylethyl (6i) compounds. 
Presumably, the reason for this is the crowded transition state that would be involved in the 
formation of bridged intermediates when the leaving group is the acridine. 


It is more difficult to draw conclusions regarding the mechanisms of formation of rearranged 
products in the tosylate solvolyses; however, the similarity between the rate of H or Me 
migration in a tosylate in CF3C02H (at 75 "C) with that for the corresponding alkylpyridinium 
in AcOH (at 15OoC) (Table 2) is striking, and certainly suggests that a similar mechanism by 
path 16 -+ 18 -+ 19 -+ 20 operates. 


Table 1. Individual rates ( 105k,hs/.~-')  for formation of unrearranged substituted products from 
solvolyses of primary alkyl acridinium cations ( 6 )  and primary alkyl tosylates." 


Reaction temperature Me Et n-Pr n-Pent n-Oct i-Bu neo-Pent 
("C) 


Rpy+ + MeCH 150 1.9 11.0 8.6 8.6 4.3 C0.1 <0.03 
Rpy+ + AcOH 150 1.3 2-9 1-8 2.3 1.6 0.76 0.86 
ROTs + EtOH 7s 6.9 2-9 1.94 0.12 0~0001 
ROTs + AcOH 75 0.085 0.077 0.061 0.0049 t0.0002 
ROTS + CFRCOZH 75 0.0018 0.023 0.022 t l l  t 0 . 2  


"Data for tosylates taken from references 17 and 37; other data from reference 8 
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Table 2. Individual rates (lOsk~,,,s/s-') for solvolyses of primary alkyl acridinium cations (6) and primary 
alkyl tosylates" for products formed by proton- or methyl-migration step. 


Reaction temperature ("C) 11 migration Me migration 
n-Pr n-Pent n-Oct i-Bu i-Bu neo-Pent 


Rpy' + MeOH 150 0.02 0.09 0.52 4 <0.1 1.6 
Rpyf + AcOH 150 0.24 0.28 0.44 < 2  0.73 4.8 
ROTs + EtOH 75 < 0.04 0.006 t0.003 0.0016 
ROTs + AcOH 75 0~0001 0.018 <0.0005 04083 
ROTS + CF3C02H 75 0.15 4-4 1.1 11 


"Data for tosylates taken from references 17 and 37; other data from refcrcnce 8 


Table 3. Ratio of migration to direct substitution for solvotyses of primary alkyl acridinium cations (6) 
and primary alkyl tosylates." 


Reaction H migration Me migration 
n-Pr n-Pent n-Oct i-Bu i-Bu neo-Pent 


Rpy' + MeOH 0402 0.01 0- 1 >50 
Rpy+ + AcOH 0.1 0.1 0.3 <3 1 5 


ROTS + CF3C02H 7 >0.4 >0.1 >55 


ROTs + EtOH < 0.02 0.05 <0.02 l h  
ROTs + AcOH 0.001 4 <0.1 42 


"Data for tosylates tahen from references 17 and 37; other data from rcfercncc 8. 


We have demonstrated a change-over in mechanism for the alkylpyridiniums between 
MeOH and AcOH as solvents. The solvent MeOH species appears to be a better nucleophile 
for conventional s N 2  path reaction than AcOH, but the inverse may be the case for reactions 
via the ion-molecule pairs (18). In addition, the greater polarizability of AcOH should help in 
the formation of the ion-molecule pairs. in which part of the charge has been concentrated 
from the delocalized pyridinium system onto the saturated carbocation. 


The relative rates of formation of products by direct substitution and of products derived by 
hydrogen or methyl migration from 1-alkylacridiniums (Table 3) offer no evidence for path 16 
-+ 19 + 20 of Scheme 3, i.e. of rate-enhancing participation in the rate determining step. 


Thermolysis and Solvolysis of Straight Chain N -  (Primary-alky1)pyridiniums 


Thermolyses (6e) of N-n-octyl- and N-n-dodecyl-acridinium trifluoromethanesulfonates (6f)" 
give terminal olefins accompanied by appropriate amounts of cis-2-, trans-2-, cis-3-, and 
trans-3-olefinic isomers, all with non-branched carbon chains. Thus, the N-n-dodecyl 
derivative (6f) gave these dodecenes in the ratio of 44.0 : 15-4: 25.9: 6.0: 8.7. This product 
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distribution indicates an E l  elimination mechanism involving the formation of primary 
carbonium ions which partially rearrange before proton loss. 


Solvolysis of N-n-dodecyl- (6f) and N-rt-octyl-acridinium (6e) ions in phenol gave the n-alkyl 
phenyl ethers, unaccompanied by any rearranged ethers. but accompanied by all of the 
corresponding isomeric secondary straight-chain o-alkyl- and p-alkyl-phenols.’* The 1-octyl 
and 1-dodecyl phenyl ethers could have arisen by either sN1 and sN2 pathways. However, the 
C-alkylated products implicate rearrangement of the corresponding secondary-octyl and 
sec-dodecyl phenyl ethers (the corresponding primary ethers do not rearrange under the 
condition of the reaction).3’ These secondary-alkyl phenyl ether precursors in turn arose from 
intermediate secondary carbonium ions which had been formed by rearrangement before 
reaction. The high ortho : para ratio of the substituted phenols indicates that the conversion of 
s-alkyl phenyl ethers into C-alkylated phenols was mainly intramolecular. 


Solvolyses of (6e) in carboxylic acids yielded a mixture of isomeric octyl carboxylic esters.3z 
Significantly, the solvolyses of (6e) in acetic acid and benzoic acid gave an almost identical 
ratio of the 1-, 2-. 3-, and 4-octyl esters. This result again indicates the formation of primary 
carbonium ions before being trapped by solvent molecules in such reactions. 


Conclusion. N-(Primary alky1)pyridinium cations can react by either an s N 1  or an SN2 type 
mechanism depending on the circumstances. We suggest that a similar behavior is likely by 
implication for other primary alkyl substrates. 


STUDIES OF MECHANISTIC BORDERLINES 


To better understand the detailed mechanism of nucleophilic substitution of sp’-hybridized 
carbon atoms, we recently investigated,’ ‘.” utilizing pyridines as leaving groups, three of the 
four mechanistic borderlines depicted in Scheme 1. These borderlines were: (1) that between 
first-order reactions involving ion-molecule pairs and first-order reactions proceeding via 
dissociation into free carbocations; (2) that between first-order and second-order reactions of 
nucleophiles with ion-molecule pairs; ( 3 )  that between classical SN2 displacement and S N ~  
displacement on an intimate ion-molecule pair. 


Borderline [l] Between Classical SN1 and SN1 by Nucleophilic Capture of an Ion-Molecule Pair 


At this borderline, there is competition between two alternative first-order reactions: (i) 
mechanism d (see Scheme 1) in which the ion-molecule pair stage is captured by solvent or 
nucleophile (i.e. rate determining formation of the ion-molecule pair) and (ii) mechanism e in 
which dissociation occurs of the ion-molecule pair into a free carbocation which subsequently 
react further with solvent or nucleophile (in this case the rate determining step could be either 
the formation of a ion-molecule pair or its dissociation). 


Reaction is expected to occur via ion-molecule pair (without any skeletal rearrangement of 
the secondary alkyl groups) for those secondary substrates which display first-order kinetics 
(no dependence of nucleophile concentration) in non- or very weakly nucleophilic solvents in 
the presence of small amounts of strong nucleophiles (piperidine or morpholine). By contrast 
the solvolysis reaction for these same substrates should occur by a classical s N 1  unimolecular 
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reaction via free carbocations, if only weak nucleophiles such as 1,1,1,3,3,3- 
hexafluoropropan-2-01 or trifluoroacetic acid are present, and in this case equilibriation of the 
secondary alkyl group by carbocation rearrangements should occur. 


Such behavior has indeed been found. 1-(2-Pentyl)-5,6-dihydro-2,4-diphenylbenzo- 
[h]quinolinum trifluoromethanesulfonate (13a) and 1-(3-pentyl)-5,6-dihydro-2,4-diphenyl- 
benzo[h]quinolinum tetrafluoroborate (13b) underwent solvolysis in chlorobenzene at 
65 “C in the presence of a range of nucleophiles (piperidine, morpholine, pyridine, lutidine, 
anisole, p-chlorophenol, acetic acid, or trifluoroacetic acid) under pseudo first-order con- 
ditions:” when the observed rate constants (kohs.) were plotted against nucleophile 
concentration good straight lines were obtained to at least 70% completion (Figure 6 ) .  Effects 
on the rate were negligible for weak nucleophiles @-chlorophenol, anisole or acetic acid) and 
small for strong nucleophiles (piperidine, morpholine) demonstrating that first-order reactions 
predominated over second-order in all these cases. 


” h 
17 


28 


24 


20 


Figure 6 .  Plots of observed rate constants for the solvolyses of I-(2-pentyl)-5,6-dihydro-2,4- 
diphenylbenzo[h]quinolinum trifluoromethancsulfonate (13a) in chlorobenzene at 65 “C vs. nucleophilic concentra- 
tion: a - morpholine; b - isopropylamine; c -  piperidine; d - pyridine; P -  2,6-lutidine;f-y-chlorophenol; g -  anisole; 


h - acetic acid: (Reproduced from Reference 8 with permission) 
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Where such first-order reaction dominated, with a rate determining stage not involving the 
nucleophile, the solvolysis of (13a) in chlorobenzene containing morpholine gave pent-2-ene 
(14.4 2 2.0%; elimination product) together with N-2-pentylmorpholine (85.6 k 2.0%; 
non-rearrangement product). Significantly, N-3-pentylmorpholine was sought but not 
detected. Similarly, the solvolysis of (13a) in chlorobenzene containing acetic acid (1 M) gave 
only 2-pentyl and no 3-pentyl acetate. 


The behavior of the 2-pentyl derivative (13a) was studied in chlorobenzene containing in 
each of the additive morpholine, p-chlorophenol and anisole respectively. In these 
experiments, the proportion of elimination varied 14-loo%, but the reaction rate was 
invariant with nucleophile concentration, and the intercepts were identical. The rate 
determining step is thus shown to occur before the elimination or the substitution step. 


Likewise 3-pentyl derivative (13b) solvolysed in chlorobenzene containing morpholine 
(0.1 M) to form only 2-pentene (88%) and N-3-pentylmorpholine (12%). Again no 
N-2-pentylmorpholine was detected. Solvolysis of (13b) in chlorobenzene in the presence of 
acetic acid produced only the 3-pentyl acetate. As shown by kinetic measurements, 0 . 1 ~  
morpholine or 0.1 M acetic acid in the chlorobenzene solvent do not significantly accelerate 
reactions of (13a) and (13b). Nevertheless, morpholine or acetic acid effectively intercepted 
the incipient 2- or 3-pentyl carbocations prior to rearrangement so that only the 2-pentyl, or 
only the 3-pentyl products, respectively, were formed. Once again, this confirms that the 
solvolyses of (13a) and (13b) take place via intimate ion-molecule pairs. 


The above results support conclusions made from earlier work with 1,1,1,3,3,3- 
hexafluoropropan-2-01 as solvent: separate solvolyses of (13a) and (13b) in this fluorinated 
solvent each gave identical mixtures of the same ratio of the 2-pentyl and 3-pentyl products, by 
a mechanism involving a free carbocation. Again solvolysis in 1,1,1,3,3,3-hexafluoropropan-2- 
01 of (13a) and (13b) in the presence of morpholine as nucleophile, gave solely non-rearranged 
products N-(2-pentyl)- and N-(3-pentyl)-morpholine, respectively. The 2-pentyl (13a) and the 
3-pentyl (13b) substrates both solvolysed in trifluoroacetic acid to afford 2-pentyl and 3-pentyl 
trifluoroacetates in the same proportions. Again, (13a) and (13b) both solvolysed in 
chlorobenzene containing trifluoroacetic acid (1 M) to yield mixtures of 2-pentyl and 3-pentyl 
trifluoroacetates. 


These and other kinetic and product analyses are evidence for the involvement of free 
carbocations in solvolyses in the highly non-nucleophilic protic solvents trifluoroacetic acid 
and 1,1,1,3,3,3-hexafluoropropan-2-o1, as well as in chlorobenzene with added trifluoroacetic 
acid. In the foregoing instances fast attack on a free carbocation (formed in the rate 
determining step) by the solvent explains the preparative and kinetic results. On the other 
hand, with acetic acid as solvent, or in chlorobenzene containing morpholine or acetic acid as 
added nucleophiles, the results are rationalized by fast attack of solvent, or of the added 
nucleophile, on intimate ion-molecule pairs which were irreversibly formed in the 
rate-determining step. 


The fast reactions of secondary alkyl primary amines of type RR’CHNH2 with the 
pentacyclic pyrylium cation in which the secondary alkyl groups were captured from the 
intermediate highly reactive pyridinium cations by various nucleophiles without rearrange- 
ment, provide further evidence for intimate ion-molecule pair intermediates.3s 


Conclusion. SN1 type reactions can occur by two distinct mechanisms involving intimate 
ion-molecule pairs or involving free carbonium ions. There is no indication of any merging of 
mechanism. 
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Borderline [2]: Between Rate Determining Formation of an Ion-Molecule Pair and Rate 
Determining Attack on an Ion-Molecule Pair by a Nucleophile 


At this borderline, reactions proceed by capture of an ion-molecule pair by the solvent or 
added nucleophile, and there is competition between two alternative mechanisms: (i) 
mechanism d of Scheme 1 in which formation of the ion-molecule pair (or of the free 
carbocation) is rate determining, i.e. unimolecular reaction mode; (ii) mechanism c of Scheme 
1 in which nucleophilic attack is rate determining, i.e. bimolecular mode. 


We solvolysed” 1-benzyl-5,6,8,9-tetrahydro-7-phenyldibenzo[c.h]acridinium trifluoro- 
methanesulfonate (6k) and l-(p-methoxybenzyl)-2,4,6-triphenylpyridinium tetrafluoro- 
borate (14b) in pure chlorobenzene and in chlorobenzene, containing nucleophiles in small 
concentrations. Under these conditions, both mechanisms could be of comparable im- 
portance. The behavior of the N-benzylpentacyclic derivative (6k) depends on  the 
nucleophile: it reacts almost exclusively via a bimolecular route with morpholine but almost 
entirely via a unimolecular mechanism with the much less powerful nucleophile, lutidine. 
Solvolysis in the presence of pyridine displayed both unimolecular and bimolecular 
components. 


Studies of the variation of the reaction ratio with pressure (see below) indicate that the 
N-benzylpentacyclic derivative (6k) undergoes reactions with piperidine by a dominant 
second-order reaction of the intimate ion-molecule pair with nucleophile at low pressures, 
whereas at high pressures a competing reaction by the classical SN2 process  predominate^.^^ 
At atmospheric pressure the second-order reaction of (6k) with morpholine should thus also 
be that of the intimate ion-molecule pair. However, the first-order rates of the 
N-benzylpentacyclic derivative (6k) do no vary with change of the nucleophile and indeed the 
same solvolysis rate is found for (6k) in the absence of added nucleophile. This constant rate 
demonstrates the absence of merging of the unimolecular (SN1 type) and (SN2 type) 
ion-molecule mechanisms; thus both of these mechanisms proceed independently. As the 
bimolecular mode is that of the reaction of the ion-molecular pair with nucleophile 
(mechanism c), then it follows that the unimolecular mode is dissociation of the ion-molecular 
pair to form the free carbocation (mechanism e ) .  


It follows from Scheme 1, that the total reaction rate for mechanisms (c )  and ( d )  is 
proportional to k’2[Nu]kdl(k’2[Nu] + k:,. If k;, + k’,[Nu] then mechanism ( c )  dominates and 
the rate is proportional to k‘,[Nu]k,lk,. If k’JNu] B k , ,  mechanism (d) dominates and the rate 
is proportional to kd.  If k’I2 is fast, mechanism ( e )  dominates and the rate is proportional to 
kdkrd/(ka + The kinetic results are entirely consistent with Scheme 1 and with 
competition between two distinct mechanisms at borderlines. 


Conclusion. Reactions via intimate ion-molecule pairs can be either second-order (when 
rate determining attack by nucleophile occurs), or first-order (rate determining formation of 
an ion-molecular pair). There is no evidence for any merging of these mechanisms. 


Borderline [3]: Between Classical SN2 Displacement and s N 2  Displacement on Intimate 
Ion-Molecule Pair 


In this region, competition exists between two alternative second-order bimolecular reactions: 
(i) mechanism 6; proceeding by direct displacement of nucleophile on the substrate (classical 
s N 2  reaction) and (ii) mechanism c; proceeding by displacement of nucleophile on the 
ion-molecule pair (ion-molecule pair SN2 reaction). 
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The reaction of l-benzyl-5,6,8,9-tetrahydro-7-phenyldibenzo[c,h]acridinium tetrafluorobo- 
rate (6k) with piperidine in chlorobenzene is a function of pressure which clearly indicates a 
change-over in mechanism.34 The classical SN2 reaction should be rate enhanced by pressure; 
i.e., the AV# is expected to be negative, because the two reactants will be pushed closer 
together. By contrast an SN2 reaction on an intimate ion-molecule pair involves a 
pre-equilibrium of the type RX+ ==+ Ri ... X, for which we should expect a large positive 
AV': thus, the equilibrium will be pushed considerably to the left by increasing pressure. 


The reaction rates of the  N-benzylpentacyclic derivative (6k) first decreases with increasing 
pressure, but then passes through a minimum and starts to increase. This indicates that the 
reaction at normal and fairly low pressures is via the intimate ion-molecule pair, but that at 
higher pressures reaction by the classical SN2 process takes over. The extraordinarily large 
difference in the volumes of activation (ca. 40cm3 mol-') of the two transition states is strong 
evidence for such a structural d i f f e r e n ~ e . ~ ~  


Conclusion. Bimolecular s N 2  reactions can proceed by rate-determining attack of a 
nucleophile either on the substrate or on an ion-molecule pair formed in a fast 
pre-equilibrium. There is no evidence for any merging of these mechanisms. 


Borderline [4]. Between Classical S N ~  Displacement and Second-Order Reactions by Radical 
Pair Collapse 


In the region of this borderline, competition between two alternative second-order reactions 
occurs: (i) bimolecular reactions which proceed by mechanism b,  the classical SN2 reaction, 
and (ii) reactions which proceed by mechanism a involving electron transfer. Kinetic data exist 
for both mechanisms, and these have recently been summarized'6 for the electron-transfer 
mechanism a. The borderline between these two mechanisms is at present under study in our 
laboratory, and no final conclusion is yet possible regarding the possibility of merging at this 
borderline. 
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ABSTRACT 


Iodide ion promotes the free radical reaction of isopropylmercury iodide with bromotrichloromethane to 
yield isopropyl bromide with rate enhancement in the order of lo4. The reaction involves electron 
transfer from i-PrHgI; to the trichloromethyl radical in a long kinetic chain process. Iodide ion also 
promotes the free radical chain conjugate addition of tert-butylmercury chloride to a,@-unsaturated 
ketones, esters, phosphonate esters and sulfones. Competitive reactivity studies indicate that lithium 
di-tert-butylcuprates or tri-tert-butylzincates react with 2-cycloalkenones by a mechanism involving attack 
by tert-butyl radicals. No evidence for radical attack is observed for the corresponding n-butyl ate 
complexes of copper or zinc. 


Photostimulated chain processes have been described for the reactions of alkylmercury 
chlorides with substituted alkenes or alkynes containing electron-withdrawing or accepting 
groups, Processes (1) (EWG = (EtO),PO, PhS02, p-ChH4N02)l and (2) (EWG = PhSO,, 
PhSO, PhS, halogen).2 These processes involve 


CH,=CH(EWG) + ~ - B ~ H ~ c I %  ~-B~CH,CH(H~C~)(EWG) s 4 t - ~ u ~ ~ 2 ~ ~ 2 ( ~ ~ ~ )  (1) 


PhCH=CH(EWG) + t-BuHgCI hV, t-BuCH=CHPh + (EWG)HgCl (2) 
the attack of an electron-accepting radical (either the adduct radical f-BuCH,CH(EWG)* in 
Process (1) or the eliminated EWG radical in Process (2) upon t-BuHgC1 to generate r-Bu= in a 
step which often determines the efficiency of the overall process. As shown in Table 1, iodide 
ion in MezSO increases the yields and rates of these processes. Telomerization, which is a 
serious problem with CH2=CHC02Et or CH=CHP(O)(OEt), in Process [ l), is not 
observed in the presence of 2 equiv. of NaI if a slight excess of the mercurial is employed, 
particularly when a proton donor such as NH: or MeOH is present. This suggests that the 
effect of iodide ion may involve electron transfer from I- or t-BuHgI, to the 
electron-accepting adduct or eliminated radicals as shown in Reactions ( 3 )  and (4) (A- = 
electron accepting radical). Formation of 


( 3 )  


(4) 


t-BuH I A* + I- + A- + I* 8 HgI2 + t-Bue 


A* + t-BuHgI; + A- + HgI2 + t-Bu* 
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Table 1. Photostimulated reactions of tert-butylmercury chloride 


substrate 


% yield (equiv. r-BuHgCI; hv; time)" 


product r-BuHgClb t-BuHgCI + 2NaIC 


CHZ=CHS02Ph 
CHz=CHP(O)(OEt)z 
CH2=CHCO,Et 
CH2=CHCOMe 
2-cyclohexenone 
2,3-dichloro-MAg 
(E)-PhCH=CHS02Ph 
PhCECS02Ph 
(E)-PhCOCH=CHCI 
(E)-PhCOCH=CHCI 
CH2=CHCH2Cl 
HCECCH2CI 


~ - B u C H & H ~ S O ~ P ~  


t-BuCH2CH2C02R 
r-BuCH2CH2P( 0) (OEt), 


r-BuCH2CHzCOMe 
3-t-Bu-cy clohexanone 
2,3-di-t-Bu-MA 
(E)-t-BuCH=CHPh 
PhCH(Bu-t)CHzS02Ph 


(E)-t-BuCH=CHCOPh 


~-BuCH~CH=CH~ 
t-BuCH=C=CH, 


r-BuCrCPh 


i-PrCH=CHCOPh 


39( 1 ;R;4h) 
30( 1 ;S;2h) 
5(2;R;lOh)" 
7(2;R;10h) 


35(2;R;10h) 
27(5;S;8h) 
45(5;S;24h) 
16(5;S;24h) 
49(5;S;17h)h 


<10(5;S;12h) 
95(5;S;4h) 
20(5;S;7h) 


85(1 ;R;4h)d 
86( 1 ;S;2h)d 
80( 1 ;R;6h)d.f 
85(2;R;6h)d 
85(2;R;2h)d 
98(4;S;5h) 
73(5;S;24h) 
27(5;S;24hJ 
85(5;S;2h) 
lOo(5;S;l h), 
62(5;S;2h)' 


100(5;S;3h) 
71 (5 ;S;5 h) 


~~ ~~ ~~ 


aReaction mixtures containing the substrate (0.24.4 mmol) in 10 ml of deoxygenated solvent were irradiated at 
354OOC; S, 275 W sunlamp ca. 20cm from reacton vessel; R, Rayonet 350nm photoreactor. 
"Workup by NaBH4 or H,O' .  
"Workup with 1% hydrochloric acid or Na2S203. 
dMezSO (60%)-MeOH (40%). 
'Major product was t-BuCH2CH(C0,Et)CH,CH2C02Et 
* t-BuCHzCHZC02Me, no telomer observed. 
gMA = maleic anhydride. 
"t-BuCH=CPh, is also formed by an unknown mechanism. 
'With i-PrHgCI, EiZ = 97/3. 


t-BuHgI; in d6-Me2S0 can be measured from the increase in the value of the 1yyHg-13C NMR 
coupling constant upon addition of I- to t-BuHgI, but the value of the complexation constant 
is only -1 M-' at 25°C. 


The reactions of Table 1 will occur slowly in the dark in the presence of iodide salts by 
processes which are completely inhibited by (t-Bu),NO*. With CH,=CHP(O)(OEt),, the 
initial kinetic chain length measured in the dark by the inhibition method was >500. The 
thermal production of f-Bw from f-BuHgX at 60°C in Me2S0 as measured by ESR spin 
trapping with tert-butylphenylnitrone is a first order process with k increasing from 3-5 x lo-' 
for X = C1 to 1.4 X lop7 with X = I and 2.0 x s-' with X = t-Bu. In the presence of 2 
equiv. of I- ,  the thermolysis of 0-1 M f-BuHgX at 60°C is accelerated by 200-fold for X = C1 
and 10-fold for X = I with the formation of t-Bu* occurring primarily by a process first order in 
both t-BuHgI and I-. The photochemical decomposition of t-BuHgI is typically 5 to 10-times 
greater than t-BuHgC1 (measured by the consumption of (t-Bu),NO. in an ESR experiment) 
with no significant effect of excess I- on the rate of radical formation from t-BuHgI. With the 
irradiation utilized in Table 1 ,  the photochemical decomposition of t-BuHgC1 was typically 
3-5%/h (as measured by (r-Bu),NO* product inhibition). 


Although in Processes (1) and (2) it has not been possible to distinguish between Reactions 
(3) and (4) as the dominant step in the iodide promoted reactions, a decision in favor of 
Reaction (4) can be made in the free radical reaction between i-PrHgI and BrCC13, a process 
which also displays dramatic acceleration by iodide ion. Photolysis of BrCC13 and i-PrHgI in 
Me2S0 forms i-PrBr and only traces of HCC13,3 but with a rate only -0-5 the rate of formation 
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of radicals as measured by (t-Bu),NO* product inhibition. In the presence of 1-2 equiv. of NaI 
a much faster reaction yielding i-PrBr occurs by a process completely inhibited by (t-Bu)zNO- 
for a discrete period of time. The reaction is conveniently followed by 300MHz 'H-NMR in 
dh-Me2S0. There is a significant upfield shift of the 'H-NMR isopropyl heptet of i-PrHgI upon 
complexation with I- from which the complexation constant of 9 k 1 M-' in d6-Me2S0 at 25 "C 
can be obtained (the alkyl groups are rapidly time-averaged between RHgI and RHgI;) . 
Addition of 2 equiv. of BrCCI3 to an equilibrated solution containing i-PrHgI; in the dark and 
in the absence of (t-Bu),NO* results in a rapid initial reaction for which an initial chain length 
>2 x lo4 is calculated (10mol% of (t-Bu),NO* inhibits the reaction for 7 days). The yield of 
i-PrBr in the initial rapid reaction is approximately equal to the starting concentration of 
i-PrHgI;. Moreover, the initial rapid reaction is accompanied by a shift of the isopropyl 
'H-NMR heptet to a value near uncomplexed i-PrHgI, i.e. i-PrHgI; is preferentially 
consumed at a rate faster than it is regenerated. After the initial fast consumption of i-PrHgIz, 
the reaction proceeds to completion but at a slower rate. In the presence of NH41 the reaction 
yields CHC13 and i-PrBr in a 1:l ratio consistent with Reactions (5) and (6). 


CC13* + i-PrHgI; + CCI; + Hg12 + i-Pr. 


i-Pr. + BrCC13 + i-PrBr + CC13* 


( 5 )  


(6) 


We have examined competitive conjugate addition reactions to determine if other ate 
complexes, such as ' ( t -B~)~cuLi '  or '(t-Bu)?ZnLi', can also react by a mechanism involving 
tert-butyl radicals. Stereochemical evidence demonstrates that T-alkyl or 1-alkenyl cuprates do 
not generate the alkyl or alkenyl radicals in conjugate addition or substitution r e a c t i ~ k s ~ . ~  
even though electron transfer between the cuprate and a-gunsaturated ketones or alkyl 
iodides seems to be inv~lved.~~'  However, formation of alkyl radicals from ate complexes may 
be a more favorable process when the radicals are tertiary. 


Competition of 2-cyclopentenone (C,) and 2-cyclohexenone (C,) for alkyl radicals in the 
RHgCl/NaIlMe2SOlhv system at 40 "C (reactions leading to the 3-alkylcycloalkanones, see 
Table 1) yields a Cs/Ch reactivity ratio of 3.8 for t-Bu- and 2.4 for n-Bu.. With (n-Bu)&uLi or 
(n-Bu)3ZnLi/TMEDA8 in Et2O at O", 2-cyclohexenone is more reactive than 2- 
cyclopentenone, C&, = 1/5 and 1/2-5, respectively. However, with ( t - B ~ ) ~ c u L i ,  LiI (-78 or 
-30"C), or (t-Bu)3ZnLi/TMEDA (0"C), Cs is more reactive than Ch by factors of 5.0,4-2, and 
3.9, respectively. We interpret the selectivity in these reactions of tert-butyl ate complexes in 
terms of predominant radical attack upon the a$-unsaturated ketones to yield an enolyl 
radical which regnerates t-Bu- by Reaction (7). 


enolyl. + ate complex -+ t-Bu* + enolate ate complex (7) 
Further evidence favoring radical attack with ( t - B ~ ) ~ c u L i  is furnished by the use of 


Ph2C=CH2 is a radical trap. With ( n - B ~ ) ~ c u L i ,  10 equiv. of Ph2C=CH2 had no effect on the 
nearly quantitative yield of alkylation product from 2-cyclohexenone at -78 "C. However with 
( t - B ~ ) ~ c u L i  (1 equiv.) at -78"C, the presence of 5 equiv. of Ph2C=CH2 decreased the yield 
of 3-t-butylcyclohexanone from 0-90 to 0.42 equiv. with the formation of 0.32 equiv. of 
t-BuCH2CPh2* disproportionation products (t-BuCH2CHPh2 and t-BuCH=CPh,). Essential- 
ly the same result was observed in Me2S0 at 40°C for the photostimulated t-BuHgCI/NaI 
system. 


Stability of cuprates in homolysis may be important in determining whether a radical chain 
process is initiated or if electron transfer cage processes6 dominate. Thus, it is recognized that 
(t-Bu)2Cu(CN)Li2' and (~-Bu)~CU(PBU~)L~'"  are thermally more stable than ( f -B~)~cuLi .  
These reagents yield a Cs:C6 ratio of 1:4 at -78°C in a reaction unaffected by the presence of 
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Ph2C=CH2 and which we interpret as 'ionic' addition. Attempts to stimulate a radical 
alkylation by photolysis of these reagents has been unsuccessful. 


Competitive substitution reactions of ally1 (A) and propargyl (P) chlorides with (r-Bu)*CuLi 
also gave evidence for t-Bu- attack. With t-BuHgCllhv (Table l) ,  kA/kp was 12 k I in Me2S0 
(with NaI) or Et20. With ( t - B ~ ) ~ c u L i  in Et20 at -78 or 0"C, kAlkp had a similar value 
(1&13), but with (f-Bu),Cu(CN)Li, the propargyl chloride reacted preferentially, kA/kp = 0-7 
f 0.1. Again, a change in mechanism between ( f - B ~ ) ~ c u L i  and (~ -Bu)~CU(CN)L~~  is 
indicated. 


In another test for t-Bu- attack, the regio and chemoselectivity for the reactions of 
PhCH=CHS02Ph and PhCrCS02Ph were examined. For PhCH=CHS02Ph attack of 
t-Bw occurs 2.7 times as readily at the P-position as at the position a to the benzene ring at 
40°C (Me2S0, Table 1). The observed regiochemistry with t-BuLi in THF was 2.8:l at 0°C. 
With PhC=CS02Ph or PhCZCSPh, only P-substitution was observed with either r-BuLi or 
t-BuHgClhv. The relative reactivities in 0-substitution for the series PhCECSPh, 
PhC=CSO2Ph and PhCH=CHS02Ph at 40°C were 0-3:1.6:1.0 and 0.3:1.8:1.0 for 
f-BuHgCIMe2SOlhv and t-BuLiiTHF, respectively. Reactions of t-BuLi with these substrates 
may involve a radical. process in which the eliminated radical (PhS-, PhS02*) or the adduct 
radical (PhCH(f-Bu)CHS02Ph) attacks t-BuLi to generate [-Bum. At -78 "C, f-BuLi and 
(f-Bu),CuLi gave similar relative reactivities for @-substitutions in PhCrCS02Ph and 
PhCH=CHS02Ph (krel = 1.7-2-0: 1). Interestingly, (t-Bu)&u(CN)Li2 at -78 "C failed to 
react with PhCH=CHS02Ph but yielded the a-addition product in 98% yield with 


Nucleophilic substitutions or conjugate additions proceed by a variety of mechanisms. 
Radical chain mechanisms can become dominant in both processes as has been observed to be 
the case with alkylmercury halides where the polarity of the carbon-mercury bond is not 
conducive to either nucleophilic attack at carbon," or to the transfer of a carbon nucleophile 
from mercury to an a-0-unsaturated system. Radical chain processes become particularly 
attractive when facile electron transfer can occur between an organometallic reagent and a 
radical or radical ion derived from the substrate, e.g. the formation of Re from RHgCl upon 
reduction by RNu*- or other donor species",12 and from RHgIF upon oxidation by acceptor 
species such as CC1y or RCH,CH=C(O-)R'. 


PhC=CS02Ph. 
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STRUCTURE OF RADICAL INTERMEDIATES 
APPEARING IN THE GRTGNARD REACTION OF 


MONOKETONES 
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Department of Chemistry, Fuculty of Science, Kvoro Unlvercltv, Kyum 606, Jupan 


ABSTRACT 


The structure of radical intermediates appearing in the reactions of MeMgBr with aromatic monoketones 
was investigated by using ESR and visible spectroscopy. Stable radical intermediates in the reacting 
solutions were assigned to the dirneric radical ion pairs. 


INTRODUCTION 


Since the discovery of radical intermediates in the Grignard reaction with benzophenones,'.2 
evidence indicating participation of radicals in the reactions has accumulated.'i-8 


Recently, we reported the reaction mechanism of the Grignard reaction of benzil (a 
diketone) in THF? The structure of stable radical intermediates observed in the reaction was 
assigned to the aggregated structure of the radical ion pair consisting of two anion radicals of 
ketone and dication of dimeric Grignard reagents. We extended similar investigations to other 
aromatic ketones. 


RESULTS AND DISCUSSION 


The reaction products of methylmagnesium bromide (MeMgBr) with fluorenone (1). 
l-methylfluorenone (2), benzophenone (3), and 2-methylbenzophenone (4), in tetrahydrofur- 


0 0 


1 2 


3 4 
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an (THF) were pure 1,2-addition products, i.e., 1,l-di-substituted ethanols, without any 
reduction product. This fact is quite suitable for investigating the details of the reaction 
mechanism.9 


When we allowed the fluorenone to react with MeMgBr in THF at room temperature under 
strictly dry and anaerobic conditions, a certain quantity of amber colored radical intermcdiate 
(A,,, = 454 nm) accumulated in the reacting solution. The radical intermediate showed a 
well-resolved ESR spectrum of a fluorenone anion radical (aZH = 0.342 mT, a 2 H  = 0.266 mT, 
a 2 H  = 0475 mT, and u~~ = 0.043 mT, see Figure lA) ,  In the reaction of 1-methylfluorenone 
with MeMgBr a similar amber colored radical species (Amil, = 453nm) appeared in the 
reacting solution. The radical intermediate showed a well-resolved ESR spectrum of a 
1-methylfluorenone anion radical ( u ~ H  = 0.423 mT. asH - 0,258 mT, u ~ H  - 0.074 mT, and u ~ H  - 0.037mT, see Figure 1B). 


In the reaction of benzophenone with MeMgBr a stable pink colored radical intermediate 
(A,,, = 550 nm) appeared, which showed a well-resolved ESR spectrum of a benzophenone 
anion radical (azH = 0.357mT, u~~ = 0.290mT. and u~~ = 0.104mT, see Figure 1C). (The 
other blue colored intermediate appeared initially in the reacting solution, but could not be 
observed by ESR because of its extremely short lifetime [<- 200ms].""j Similarly, in the 
reaction of 2-methylbenzophenone a pink colored radical intermediate (Amilx = 540 nrn) 
appeared, which showed a well-resolved ESR spectrum of a 2-methylbenzophenone anion 
radical (a lH = 0.540ml', a 2 H  = 0.481mT, (32H = 0-193mT, U ~ H  - 0*057mT, and ulH - 
0.019 mT, see Figure 1Dj.  


By ESR spectroscopy, we did not detect any possible counter cation radical; the free 
Grignard cation radical was derived from MeMgBr."'.'' As in the case of benzil."' this was 
indicative of participation of the dimeric radical intermediates in the reactions. In the case of 
benzil, we observed triplet ESR spectra due to dimeric radical intermediates in rigid media. 


C I A 


-0.5 mT- 


-0.5 mT- 


D . ,  


-0.5 mT-, -0.5 mT1 


Figurc 1 .  ESR spcctra of the radical intermediates generated in the reaction of MeMgBr in  THF at  room 
temperature; A) reaction with fluorenone, B) reaction with I-methylfluorenone, C )  reaction with benzophenone and 


D) reaction with 2-methylbenzophenone 
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A 


..i( i 


B 


4- 14.2 m T - b  


Figure 2. Triplet ESR spectra, observed at 77 K,  of the radical intermediates in the reaction of MeMgBr in MTHF;  A) 
reaction with I-methylfluorenone and B) reaction with 2-rnethylhenzophenone 


Actually, both the amber colored radical intermediate generated in the reaction of 
fluorenone with MeMgBr and the pink colored radical intermediate generated in the reaction 
of 2-methylbenzophenone with MeMgBr showed the respective triplet ESR spectra. Similarly, 
a well resolved triplet ESR spectrum was observed at 77 K in a 2-methyltetrahydrofuran 
(MTHF) solution of the amber colored radical generated in the reaction of 1- 
methylfluorenone with MeMgBr (Figure 2). Although fluorenone showed a weak triplet ESR 
spectrum in the reaction with MeMgBr in MTHF, non-substituted benzophenone showed no 
appreciable triplet ESR spectrum under the same conditions, because of the lower 
concentration of the radical intermediate in MTHF solution. 


In both reactions of fluorenone and benzophenone, we could only trap too small an amount 
of the radical species to detect clear triplet ESR spectra in rigid MTHF at 77 IS, because of the 
faster decay of both the above radical intermediates to form final 'addition products'. 
Concentrations of the trapped radicals were estimated to be about 5phq in the reaction of 
fluorenone and about 20 PM in the reaction of benzophenone (compared with standard 
l,l-diphenyl-2-picrylhydrazyl (DPPH); about 11100 of the radical amount accumulated in the 
case of 2-methylbenzophenone). The electron transfer rates from Grignard reagents to 
ketones and rates of alkyl or aryl radical transfer in the stable dimeric radical ion pair to form a 
stable 'addition product' were already reported'M (electron transfer rates: fluorenone > 
benzophenone > 1-methylfluorenone >> 2-methylbenzophenone; and alkyl radical transfer 
rates: benzophenone > fluorenone >> 1 -methylfluorenone > 2-methylbenzophenone). (The 
rate constants of electron transfer and successive methyl radical transfer in the reaction of 
fluorenone in THF at 25°C were 1 5 ~ - ' s ~ '  and O ~ ~ M - - ' S ~ '  respectively, while in that of 
1-methylfluorenone they were 7 M - ' s - '  and < 0-005 M-'s - ' . )  


From the fine structure of the triplet ESR spectrum, we determined D' and E' ,  the energy 
parameters of spin-spin interaction, which enabled us to estimate the average distance 
between two spins on two anion radicals aggregated with cation moiety in the radical 
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intermediate (Structure 5) .  The energy parameters D’ and E’ for the radical intermediates 
generated in the Grignard reactions are given in Table 1, together with the estimated distances 
between two spins on two anion radicals. Interestingly, the distance observed in the reaction of 
2-methylbenzophenone with p-anisylmagnesium bromide (pAniMgBr) is slightly larger than 
that in the reaction with MeMgBr (entries 3-5). This is clear evidence that the alkyl or aryl 
moiety of Grignard reagent affects the distance of two spins on the aggregated radical ion pair. 


‘Table 1. Energy parameters (D’ and E ’ )  and average distance ( r )  of spin-spin interaction 
between two anion radicals in the Grignard reaction intermediate 


entry ketone RMgBr D’(mT) E’(mT) r ( A )  


1 fluorenone MeMgBr - 7.4 - 0 - 7.2 
2 1-methylfluorenone MeMgBr 7.1 - 0  7.3 
3 2-methylbenzophenone MeMgBr 12.3 .- 0 6.1 


12.3 - 0  6.1” 4 EtMgBr 
5 pAniMgBr 11.8 - 0  6.2 


Since the monomer-dimer equilibrium of fluorenone alkali metal ketyls has been well 
investigated using electronic spectroscopy,12 the extent of the dimeric aggregation of the 
radical intermediate in the reaction of fluorenone with MeMgRr n’as determinable by means 
of visible spectroscopy. The visible spectrum of fluorenone lithium ketyl in THF solution 
showed two absorption maxima at 45Onm and 530nm (Figure 3B), while the amber colored 
radical intermediate generated in the reaction of fluorenone with MeMgBr showed only one 
absorption maximum at 454 nm with a very weak shoulder at about 530 nm (Figure 3A). 


For the fluorenone metal ketyl, both of these two absorption bands were assigned; the band 
at h,,, = 530 nm to the monomeric ion radical pair, and the other band at  A,,,, = 450 nm to 
the dimeric ion radical pair, in which two cation moieties aggregated. Thus, it could be 
concluded that the radical intermediates generated in the reaction of fluorenone with MeMgBr 
mostly were in the dimeric state in the ’THF solution. Based on the reported molar extinction 
coefficients of a monomer and a dimer of fluorenone metal ketlys,12d we roughly estimated the 
association constant of the amber colored intermediate to be no less than 7 x lo6 M - ’  at 25 “C. 


A similar visible spectrum of the amber colored radical intermediate was observed in the 
reaction of 1-methylfluorenone. For comparison, the visible spectrum of the radical 
intermediate in the Grignard reaction and that of 1 -methylfluorenone lithium ketyl in solution 
were given in Figures 3C and 3D, which indicate the major component in the dmeric  state. 


The visible spectrum of the pink colored intermediate which appeared in the reaction of 
benzophenone discloses the major contribution of the dimeric state (A,,, = 550nm) of the 
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Figure 3. Visible spectra of radical intermediates together with the ketone lithium ketyls in  TIIF at 25°C; A) radical 
intermediate in the reaction of fluorenone, B) fluorenone lithium ketyl. C) radical intermediate in the reaction o f  
1-mcthylfluorenone, D) 1-methylfluorenone lithium ketyl, E) radical intermediate in the reaction of benzophenone 


and F) mcnzophenone lithium ketyl 


radical intermediate species, but this is not so clear as in the case of fluorenones, because of 
the broad bands (Figure 3E and 3F). 


CONCLUSION 


The present study has focused on the structure of the radical intermediate in the Grignard 
reaction of an aromatic monoketone in THF. It was concluded that the stable radical 
intermediate in the reaction consists of two molecules of ketone anion radicals aggregated with 


2 ketone + 2 RMgBr __c E.T. 2 [ ketone;-..RMgBrt ] dimer izat ion 
(MIP) 


2+ 
RMgBr 


Ketone1 ( R;;B)KetoneT +RMgBr ___) R* .T. Addition product 
+ MIP + RMgBr 
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a dimer dication of the Grignard reagent. The possible scheme of the Grignard addition 
reaction with aromatic monoketones in THF could be depicted as given in Scheme l."'," 


EXPERIMENTAL 


Materials and Methods 


Fluorenone (1 ,  guaranteed reagent grade) was recrystallized from ethanol. Benzophenone (3, 
guaranteed reagent grade) was recrystallized from hexane and from ethanol. 1- 
Methylfluorenone 2 prepared by Ullmann synthesis'' from 2-amino-2'-methylbenzophenone 
was recrystallized from methanol, m.p. 98.5 "C; 'H-NMR(CC14) 6 2.60(s,3H), (74-76(m,7H). 
2-Methylbenzophenone 4 prepared by Friedel-Crafts reaction of o-toluoyl chloride with 
benzene by AICll catalyst was distilled twice, b.p. 140"C(12 Torr); 'H-NMR(CCI4) 6 
2.31(s,3H), 7-0-7.8(m,9H). Commercially available pure tetrahydrofuran (THF) and 
2-methyltetrahydrofuran (MTHF) were distilled in vacuo from reservoirs containing sodium 
benzophenone ketyl. Preparation of Grignard reagents was described previously.''' 


A JEOL JES-FElXG X-band ESR spectrometer system was used. Absolute amounts of 
radicals were determined by comparison with standard 1 ,l-diphenyl-2-picrylhydrazyl (DPPH). 
For the fine and the hyperfine splitting constants determinations a Mn2+ marker and a Fremy's 
salt standard were used. A JEOL JNM-100 MHz 'H-NMR spectrometer was used for final 
product analysis. 


Reactions 


Preparation of samples and ESR observation at room temperature, ESR measurement at 
77 K,  and visible spectroscopy were undertaken as described previously.'" In general, we used 
two times excess amount of ketone over Grignard reagent (initial concentration of the reacting 
solution ca. 0.04 M) to make the decay of the intermediate slow. Fine splitting constants and 
hyperfine splitting constants were determined by mean values of three experiments. 


Product analysis was carried out as follows: to 1 mmol of ketone dissolved in a strictly 
anaerobic and dried THF solution (5 ml) was added 1 mmol of a Grignard reagent solution at 
an ice cooled temperature. The reaction was continued for 4 days at room temperature. The 
reacting solution was quenched and hydrolyzed with 2 m l  of a saturated aqueous NH,CI 
solution under strictly anaerobic conditions. The hydrolyzed mixture was extracted with ether, 
and dried over anhydrous magnesium sulfate. A mixture of products was subjected to 
IH-NMR measurement. 


In the reaction of fluorenone with MeMgBr in THF, the sole product was 9-methylfluorene- 
9-01 ('H-NMR(CDC13) 6 1-68(s,3H), 2*03(br,lH) 7-2-76 (m,8H)). A possible reduction 
product, fluorene-9-01 was not detected. 


In the reaction of l-methylfluorenone with MeMgBr in THF, the sole product was 
1,9-dimethylfluorene-9-o1 ('H-NMR(CDCI3) 6 1*76(s,3H), 1.90(br,lH), 2.56(s,3H), 6.9- 
76(m,7H)). Another possible reduction product, l-methylfluorene-9-ol was not detected. 


In the reaction of benzophenone with MeMgBr in THF, the sole product was 
1 ,l-diphenylethanol ( 'H-NMR(CDC13) 6 1-75(s,3H), 2.70( br, lH),  7.&7.6(m, lOH)), together 
with no benzhydrol. 


In the reaction of 2-methylbenzophenone with MeMgBr in THF. the product was solely 
l-phenyl-l-(o-toly1)ethanol ('H-NMR(CC14) 6 141(s,3H), 192(s,3H), 230(br, lH),  7.0- 
7*7(m,9H)), together with no phenyl(o-tolyl)-methanol, a possible reduction product, 
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AB IZVITIO MO CALCULATIONS ON THE 


CATIONS. THE FACILE MIGRATION OF ACYL GROUP 
REARRANGEMENTS OF 7-OXA-2-BICYCLO[2.2.1]HEPTYL 


IN WAGNER-MEERWEIN REARRANGEMENTS 


PIERRE-ALAIN CARRUPT AND PIERRE VOGEL* 
Imiilut de chimie orguniyue de I’Universiti, 2 ,  rue de la Rarre, CH-1005 Lausanne (Swiizerlarad) 


ABSTRACT 


A b  inifin STO-3G and 6-31 G minimized geometries of S-oxo- (9 ) ,  6-oxo-7-oxabicyclo[2.2. Ilhept-2-yl 
cation (12) and 7-oxabicyclo[2.2. IIhept-2-yl cation (15) were obtained. The energy barriers for their 
Wagner-Meerwein rearrangements to the more stable 5-oxo- ( I  I ) ,  6-oxo-3-oxabicyclo[2.2.l]hept-2-yl 
(13) and 3-0xabicyclo[2.2.1 Ihept-2-yl (17) cations, respectively, have been evaluated and compared with 
those calculated for the rearrangement of the 54x0 (IS) and 6-oxobicyclo[2.2.l]hept-2-yl cations (20). In  
agreement with experimental data, the ‘true migratory aptitude’ of an acyl group is higher than that of 
0-oxoalkyl group in competitive Wagner-Meerwein rearrangements that are ‘energetically unbiased’. 
The ease of the acyl group 1.2-shift toward an elcctron-deficient center is related to the electron-donating 
ability of the carbonyl group due to favorable n(C0) f-f u c, p(C’) hyperconjugative interaction. 


INTRODUCTION 


1 ,2-Shifts of electron-withdrawing groups such as RCO’.’ or COOR3,4 groups toward 
electron-deficient centers have been observed in several carbenium ion rearrangements. This 
was possible because alternative migrations of hydride, alkyl o r  aryl groups would have led to 
much less stable carbenium ion intermediates. In the presence of HS03F/Ac20 in CH2C12, 
2-exo-cyano- (la) and 2-endo-cyano-5,6-exo-epoxy-7-oxabicyclo(2.2.1 Ihept-Zyl acetate (1 b) 
gave products derived from the 3-oxabicyclo[2.2.1 Jhept-2-yl cation intermediates 2. T h e  latter 
arise from the epoxide ring opening and 1,2-shift of the fi-substituted alkyl group (bond 
aC(3,4)). No products deriving from the isomeric intermediates 3 could be observed. In 
contrast, and under similar conditions, the 5,6-exo-epoxy-7-oxabicyclo[2.2. I Jhept-Zone (4) 
gave the  diacetates 6 derived from the intermediate 5 .  In this case, the  1,2-shift of the acyl 
group (4 + 5 )  was at least 30 times as fast as the  1,2-shift of the alkyl group ( b 7 )  giving 
product 8.’ T h e  following order of migratory aptitudes for 1 ,Zshifts toward electron-deficient 
centers was thus established: acyl > alkyl > alkyl @-substituted with inductive groups. 
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- @  


, OAc 


- 8 (minor) 5 - 7 - 6 (major) - 


Because the isomeric pairs of ions 2 and 3, on one hand, and, 5 and 7, on the other hand, were 
expected to have similar stabilities (hypothesis l), and since the rearrangements 1 + 2, 1 -+ 3, 
4 -+ 5, and 4 + 7 must all be exothermic reactions (hypothesis 2), we proposed5 that the 
above data establish the 'true' migratory aptitudes of the acyl, alkyl, and &-substituted alkyl 
groups in an 'energetically unbiased' situation." 


We shall show in this work that ah initio MO calculations on model cations confirm the 
above hypotheses. Furthermore, our calculations indicate that the high migratory aptitude of 
an acyl group in a Wagner-Meerwein rearrangement is related to a hyperconjugative 
mechanism of the type n(C0)  * o ++ p(C+) which is proposed to be responsible for the 
electron-donating ability of the carbonyl group homoconjugated with an electron-deficient JC 
system .' 


CALCULATION METHODS 


A h  initio MO calculations with the STO-3G and 6-31G basis sets' were carried out using the 
MONSTERGAUSS 81 program"' on a CYBER 170-855 CDC computer, or the GAUSSIAN 
82 program"' on a CRAY 1s or a NAS XL60 computer. The geometries were fully optimized 
with respect to all bond lengths and bond angles using Davidon's method"' with standard 
convergence criteria at the STO-3G and 6-31G levels. In the case of saddle point structures 
(transition states) the VA05 method" was applied. Energies for geometries optimized by the 
6-31G basis set were also calculated (single point) with the 6-31G* basis set (6-31G"//6-31G 
calculations). It is found that restricted basis sets predict a C,  (classical, with little a-bridging) 
structure for bicyclo[2.2. Ilhept-2-yl (norborn-2-yl) cation, whereas extended basis sets 
including polarization functions together with configuration interactions predict a C, 
(non-classical, a-bridged) structure for this Because of the oxygen atom in 7-oxa- 
and 3-oxanorborn-2-yl cations we were not so much concerned about a 'true' estimation of the 
amount of a-bridging in these species. For that reason, and also because of the size of the 
molecules investigated, we indulged ourselves in using restricted basis sets without including 
electron correlation effects. 
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Table I .  Total energies (hartrees) and relative energies (kcalimol) of cations 
9-2 I 


Basis set STO-3G" 6-31G" &31G*b 


9 -375.93109 43-2 -380.48227 30.8 -380.66244 35.2 
10 -375.92145 49.6' -380.47530 35.5" -380.66129 35.9 
11 -375.99158 3.0 -380.52466 4.2 -380.71211 4.0 
12 -375.94304 35.7, -380.48522 29.0 -380.66893 3 1.1 
13 -376~00000 (0.0) -380.53140 (0.0) -380.71849 (0.0) 
14 -375.98984 6.7 ___ ~ ~ ~- 


15 -303.29747 40.8 -306.85612 28.5 -306.99441 31.8 
16 -303.29289 43.6' -306.85577 28.8" -306-99586 30.9 
17 -303.36241 (0.0) -306.90161 (0.0) -307.04516 (0.0) 
18 -340.68965 7.0 -344.71865 9.2 -344.87264 15.6 
19 -340.67814 14.1' -344.71 172 13.5' -344.87014 17.2 
20 -340.70079 (0.0) -344.72137 7.5 -344.87951 11.3 
21 -340.69080 6.3 -344.73324 (0.0) -344.89748 (0.0) 


aWith complete geometry optimization 
hSingle point (6-31G geometry) calculations 
'Transition state, one negative eigenvalue 


RESULTS AND DISCUSSION 


The calculated total energies of cations 9-21 are reported in Table 1. 
As expected the Wagner-Meerwein rearrangements of the 7-oxanorbon-2-yl cations 9, 12 


and 15 into the corresponding 3-oxanorborn-2-yl cations 11,13 and 1714 are highly exothermic 
processes (cf. gas phase heterolytic bond dissociation enthalpies DH"(CH3CH2CH2 
+/H-) = 267 kcal/mol, DH"(CH30CH2+/H-) = 243 kcal/mol's)). The calculated exothermic- 
ity of equilibrium 9 2 11 (31.0 kcal/mol (6-31G*)) does not differ significantly from that 
obtained for 12 2 13 (31.1 kcalimol (6-31G*)). Moreover, they are about the same as that 
calculated for the unsubstituted derivatives 15 2 17 (30.9 kcal/mol (6-31G*)). These data 
confirm our hypotheses, 1 and 2, for the interpretation of the stereoselectivity of the 
acid-promoted rearrangement of 2,3-exo-epoxy-7-oxanorbornan-2-one (4). The order 
observed for the 1,2-shifts of acyl group (4 + 5 )  > (3-ketoalkyl group (4 -+ 7) corresponds, 
indeed, to the 'true' migratory aptitude of these groups. 


Energy barriers for the Wagner-Meerwein rearrangements 


The rearrangement 9 2 11 involves the bridged cation 10 which was calculated to be a 
transition state (Table 1) .  The existence of an energy barrier for the reaction 9 2 11 is 
probably due to the inductive effect of the 5-0x0 group in 9. This hypothesis was supported by 
our calculations on the rearrangement of the non-substituted 7-oxanorborn-2-yl cation (15) 
into the 3-oxanorborn-2-yl cation (17) and also by the solvolyses of 2-chloro-7-oxanorbornanes 
reported by Martin and Bartlett.I4" These reactions are slower than those of the corresponding 
2-chloronorbornanes due to the inductive effect of the oxygen atom. With the STO-3G and 
6-31G basis sets, the 'classical' species 15 was found to be 2.8 and 0.7 kcalimol, respectively, 
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more stable than the bridged ion 16. This is somewhat lower than the energy differences 
calculated for 9 2 10 A E  = 6.1 (STO-3G), and 4.4 kcal/mol (6-31G, see Table 1 ) .  Under 
solvolytic conditions, it is known for norborn-2-yl derivatives that substitution at C(5) and/or 
C(6) with electron-withdrawing groups leads to a diminution of the C( 1)-C(6) participation in 
the bridged intermediates’6a and even to an increased energy barrier for the Wagner-Meewein 
rearrangement. Ibh 


In contrast, the acyl group migration 12 -+ 13 seems to occur without activation energy. We 
were not able to locate any transition state such as 22 for this rearrangement! With the 6-31G 
basis set, 12 corresponds to a shallow energy minimum. With the minimal STO-3G basis set, 12 
was a saddle point. When the bond length C(I)-C(6) in 12 was chosen =S 1-8 A, this cation 
‘relaxed’ into the energy minimum 13. However, when this starting distance was 2 2.5A, the 
calculations yielded another energy minimum corresponding to the oxonium ion 14, which was 
slightly less stable than 13. 


We have also examined the rearrangements of the 5-0x0 (18) and 6-oxonorborn-2-yl cation 
(20). The symmetrically bridged cation 19 was calculated to be the transition state of the 
degenerate Wagner-Meerwein rearrangement 18 2 18’. No such species could be located for 
the fragmentation 20 f 21 applying the various transition state localization algorithms 
supplied with MONSTERGAUSS and GAUSSIAN 82 programs. ‘Manual localization’ of a 
transition state starting with geometries of 19 or 20 failed also and led exclusively to the more 
stable pentenylethanoyl cation 21. The calculations indicate that the ‘true’ migratory aptitude 
of an acyl group is better than that of the 0-oxoalkyl group. 


The electron-donating effect of homoconjugated carbonyl groups 


Comparison of the calculated energies of 9 and 12 indicated the 6-oxo-7-oxanorborn-2-yl 
cation to be more stable than its 5-0x0 isomer. If one considers the inductive (field) effect of 
the carbonyl group in these molecules, our results might be surprising because the distance 
between the positively charged center and the carbonyl dipole is shorter in 12 than in 9. The 
comparison of the calculated geometries of these ions indicate, however, that there is a 
significant hyperconjugative (stabilizing) interaction n(C0) ++ aC( l) ,  C(6) c, pfC(2) which 
compensates for the field (destabilizing) effect of the carbonyl group in 12. This interaction 
can be represented by the canonical formula 12 -+ 12’. Indeed, the C( 1)-C(2) bond in 12 is 
calculated to be significantly shorter (1.424 A, 6-31G) than that in 9 (1.473 A). Furthermore, 
the C(l)-C(6) bond in 12 is calculated to be extra-long (1.696A) and slightly elongated 
(1.589A) in 9 (Table 2). The same features are revealed on comparing the energies and 
geometries of the norborn-2-yl cations 18 and 20 (Tables 1-3).7c’ Interestingly, although the 
3-oxanorborn-2-yl cations 11 and 13 are ‘delocalized’ oxy-substituted carbenium ions17 (see 
e.g. 13 c, 13’), the calculations predicted 13 to be more stable than 11. Furthermore, the 
C(l)-C(6) bond (1.577A, 6-31G, Table 2) in 13 is calculated to be longer than the 
corresponding C(4)-C(5) bond (1.5 17 A) in 11, the C(l)-C(2) bond in 13 (1.488 A) is found 
to be shorter than that in 11 (1.493 A). These data also indicate that the carbonyl group in 13 
stabilizes this species because of a hyperconjugative interaction of type 13’ c, 1 3 .  
Homoconjugative interaction of the CO group as pictured with 22 must not be sufficiently 
large to render this function net electron-donating. This conclusion was confirmed by our 
calculations which indicated ‘normal’ C(2)-C(6) interatomic distances in 12, 13, and 20 
(Tables 2 and 3). 
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Table 2. Interatomic distances in 8, (6-31G)" 


(CI-C2) (CI-C6) (C2-C6) (Cl-07) (C=O) (C4-C5) 


9 
10 
11 
12 
13 
15 
16 
17 
18 
19 
20 
21 


1.473 
1.392 
1-493 
1.424 
1.488 
1440 
1.407 
1 -487 
1.449 
I -387 
1-408 
1.331 


1.589 
1.842 
1.578 
1.696 
1.577 
1 650 
1.756 
1.587 
1 622 
1 -929 
1 -759 
2.988 


2-375 
2.090 
2.410 
2.315 
2.393 
2-262 
2.164 


2.328 
1.929 
2,326 


2.402 


3 m  


1.441 
1 -384 
1.263 
1.423 
1.261 
1 *422 
1 *400 
1 -260 
1.560 
1.520 
1.554 
1.527 


1 *200 
1-199 
1.198 
1.181 
1.195 
- 
- 
- 


1-203 
1.201 
1.177 
1.1 14 


1.523 
1,517 
1 .S32 
1 .533 
1-525 
1.535 
1.535 
1.530 
1.528 
1.504 
1-538 
1.546 


"Complete specifications of all geomctrics are available as supplementary matcrial 
from the author. 


Table 3 .  Interatomic distances in 8, (STO 3G)" 


(Cl-C2) (Cl-C6) (C2-C6) (Cl-C7) (C=O) (C4-C5) 


9 
10 
11 
12 
13 
15 
16 
17 


1.516 
1.418 
1.531 
1-427 
1.517 
1 .so0 
1.42 1 
1.525 


1.585 
I .755 
2.434 
1 -753 
2.41 I 
1 603 
I .749 
2.425 


2.398 
1.966 
1 *567 
2.263 
1.594 
2.338 
1.994 
1.574 


.446 


.409 


.279 


.429 
-282 
.440 
.410 
,279 


.209 1.563 


.208 1-557 


.209 1.573 
,192 1.552 
.2M 1.551 
- I .554 
- 1.553 
- 1.555 


18 1.486 1 -593 2-338 1-558 1.210 1.553 


20 1.426 1.716 2-245 1-550 1.196 1.545 
21 1.310 3-040 3.060 1.527 1.141 1.554 


19 1.403 1 -828 1.828 1.539 1.208 1.544 


(C6-C7) (CI-C7) (C4-C7) (C=O) (CI-C2) 


14 1.541 1.456 1.496 1.182 1.309 


"complete specifications of all geometries are available as supplementary material 
from the author. 


Under these conditions of kinetic control, the electrophilic additions to bicyclo[2.2.l]hept-5- 
en-2-one, bicyclo[2.2.2]0ct-5-en-2-one~~ and 7-0xabicyclo[2.2.l]hept-5-en-2-one~~ yielded 
adducts 25 exclusively, or under highly ionizing and low nucleophilic media, the products of 
C( 1)-C(2) bond leakage 26. The results were interpreted in terms of the intermediate 24 in 
which the carbonyl group plays the role of an electron-donating substituent as pictured with 
the canonical structures 24' ++ 24".7" This hypothesis has now been examined by ub initio 
calculations on a simpler model system: the 3-0x0-I-propyl cation. In a preliminary study, 
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X 
- 2s 


G O  x, 


2 1 


[.&I 
24" I -  
I 


Dixon et al. l 8  calculated an extra-long C(2)-C(3) bond in 3-0x0-1-propyl cation with 
conformation 27 in which the 2p orbital at C(l) is in the plane of centers C(1), C(2), C(3), 0. 
The calculations thus were in agreement with the intervention of a hyperconjugative 
interaction represented by the canonical formula 27 -+ 27'. 


Employing more extended basis sets we have explored the energy hypersurface of species 
C3Hs0+ in somewhat more detail. The geometries 27-34 (see Figure 1 ,  Table 4) were 
optimized completely at the closed-shell restricted Hartree-Fock (RHF)'" level using first the 
minimal basis set STO-3G.9 With the latter, the 6 different conformations 27, 29-33 of the 
3-0x0-1-propyl cation were all energy minimum. The geometries were then minimized with the 
basis sets 4-31G, 4-31G*, 6-31G and finally 6-31G*."' Energy refinements were obtained by 
single-point calculations with the 6-31G** basis at the 6-31G" optimized geometries. The 
effects of electron correlation were estimated by the use of the second-order (MP2/6-3 1G**) 
and fourth-order (MP4/6-31G**) Mdler-Plesset perturbation theory2" at the 6-31 G* 
optimized geometries of structures 27-30 for which pertinent geometry parameters are shown 
in Figure 1. Complete specifications of all geometries are available as supplementary material 
from the author. Conformers 31-33 of the 3-0x0-1-propyl cation were not energy minimum 
with the larger basis sets. As expected, one of the most stable isomers was found to be the 
planar oxet-2-yl cation 28 This cation is the global minimum of the hypersurface at the 
STO-3G level (AE(28-35) = -12.9 kcal/mol), but not with the higher levels used. At this 
level, the cation 35 is the global minimum (AE(28-35) = t16-4 kcal/rnol with 6-31G* basis 
set)." The relative stability of the various conformers of 3-0x0-1-propyl cation (27, 29, 30) 
depended on the type of basis set used for the calculations. When neglecting electron 
correlation effects, the 'syn-planar' conformer 29, in which the 2p orbital of C(l) is 
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H ip;" 1.23 JEII 1.543 @],-I 86.1° 


82.2' 99.2' - 1.417 112.3' 
H 


1.156 1.673 Q 1.485 ,, 
H 0 114.9' H 


- 28' 27 (' anti-bissected '1 - 28 - 


H H 


30 (' anti-gauche ') 30' - 29 (' syn-planar ') 
- 


83.4' 92.4' 


Newmann projection of 3 
along the C+-C bond 


0 4 H H  
H' 


- 31 (' syn-bissected ') 


- 28 
t -  


0 H 


- 34 


Figure 1 .  Geometries of C3Hs0'  optimized with the h-31G* basis set. Structurcs 31-33 arc minimum with the 
STO-3G basis sct only. (Bond lengths in A, bond angles in ") 
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perpendicular to the C(1), C(2), C(3), 0 plane and the oxygen atom syn with respect to C(1), 
was calculated to be the most stable one. When electron correlation effects were included 
(MP2 and MP4/6-31G** calculations) the ‘anti-bisected’ conformer 27, in which the 21, orbital 
and the oxygen atom anti with respect to C(l) ,  was the most stable structure for 3-0x0-1-propyl 
cation. Rotamer ‘syn-bisected’ 31 (the oxygen atom syn with respect to C(1)) was not an 
energy minimum at the higher levels employed. It cyclized into the more stable cation 28. 


Only the ‘anti-bisected’ conformer 27 allows for a stabilizing n ( 0 )  * (rC(2), C(3) 
pC( l )+  hyperconjugative interaction. Comparison of the 6-31 G* optimized geometries of 


27, 29 and 30 confirmed that hypothesis. In  the ‘syn-planar’ conformer 29, aC(2),C(3) - pC(l)+ hyperconjugation is forbidden, thus the C(2)-C(3) bond is shorter in 29 than in 27. 
The longer C=O bond in 27 than in 29 is also due to hyperconjugation 27 e. 27’. Interesting 
was the finding of the ‘anti-gauche’ conformer 30 which allows for a ‘reduced’ 
n(0)  f-f oC(2),C(3) t, pC( 1)’ hyperconjugation compared with the ‘anti-bissected’ structure 
27. This is manifested by the comparison of the bond lengths of C=O and C(2)-C(3) 
between 27,29 and 30. The stability of 30 appeared to be due to a favorable hyperconjugative 
interaction between the pC(1)+ orbital and one of the adjacent C-H bonds at C(2). The 
latter can be interpreted by limiting structures 30 e. 30’ (Figure 1). It is not clear yet why a 
similar twist about C( 1)-C(2) is not calculated for 29. 


Our calculations on C3HsO+ cations are somewhat deceptive since they predict very little 
stability difference between the 3 conformers 27, 29, and 30 of 3-0x0-1-propyl cation. They 
demonstrate, however, the importance of electron correlation effects in discussing 
homoconjugative and hypercon jugative interactions between a carbenium ion and a carbonyl 
moiety. The relatively high stability of the ‘syn-planar’ conformer 29 might be attributed to a 
favorable dipole (CO)/charge (C( 1)+) interaction which is not available in the ‘unti-bissected’ 
conformer 27. The ‘acidifying’ effect of the carbonyl function ( 30 -e 30‘) might be responsible 
for the favorable C-H/pC( 1 ) +  hyperconjugative interaction which stabilizes the ‘anti-guuche’ 
conformer 30. 


CONCLUSION 


In competitive Wagner-Meerwein rearrangements which are ‘energetically unbiased’, an acyl 
group migrates faster than a P-oxoalkyl group because the latter migration is retarded by the 
inductive effect of the carbonyl function. The ease of the acyl group 1,2-shift is related to the 
electron-donating ability of the carbonyl group when homoconjugated with an electron- 
deficient center. This stabilizing effect (related to the Grob fragmentation22 and the 
frangomeric effect23 can compete with the usual inductive (destabilizing) effect every time 
geometry of the molecule allows for an efficient n(C0) - o - p hyperconjugative 
i n t e r a ~ t i o n ~ ~  to intervene. 
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HOMOCUB-l(9)-ENE TRAPPED 


NING CHEN AND MAITLAND JONES, JR.* 
Department of Chemistry. Princeton University, Princeton, New Jersey 08544, USA 


ABSTRACT 
Decomposition of the tosylhydrazone salts formed from cubyl carboxaldehyde and homocubanone, 
potential precursors of cubylcarbene (5) and homocubanylidene (6),  leads in each case to products 
derived from 6. It is suggested that homocub-l(9)-ene (7) is the active ingredient in the formation of 6 
from both precursors. The hydrazones formed from N-aziridylamines are useful photochemical sources 
of 6, and presumably other carbenes. Flash vacuum pyrolysis of the tosyl hydrazone salts and hydrazones 
at 600°C leads to indene. 


The use of diazo compounds or their immediate precursors in the synthesis of 
bicyclo-1-alkenes was described by us many years ago,' and has now been used several times.2 
Recently, Eaton and Hoffmann have supplied a spectacular example in which they use 
cubylphenyl diazomethane (1) to generate the homocubene 2.'7 Even more exciting was their 
discovery of the rearrangement of 2 to the carbene 3, as judged by the isolation of 
cyclopropanes formed by addition of 3 to alkenes. The conversion of 2 to 3 is a reversal of the 


N2v Ph 
Ph 
I 


1 2 3 


more usual carbene-to-alkene rearrangement, and takes place at the quite extraordinary 
temperature of -78"C! Rearrangements of alkenes to carbenes are common in the high 
temperature chemistry of cyclopropenes4 and there are scattered suggestions of the reaction 
e l ~ e w h e r e , ~  but this rearrangement must surely be the most spectacular example of the genre. 


In this paper we report some observations on the parent cubyl and homocubyl systems 
which complement the work of Eaton and Hoffmann. In addition, we describe'a new 
photochemical source of carbenes, and comment upon the active ingredient in these potential 
carbene reactions. 


*Author for correspondence 
tAs recognized by Eaton and Hoffmann it  is not required that the cubylcarbenc be involved in this reaction. The cubyl 
system is prone to rearrangement, and a direct ring expansion of cubyl phenyl diazomethane to the bridgehead olefin 
is possible. 


0894-3230/88/050305-04$05 .OO 
@ 1988 by John Wiley & Sons, Ltd. 


Received 29 February 1988 
Revised 15 June I988 







306 SHORT COMMUNICATIONS 


We find that 
cubylcarbene (5) 
The most logical 


decomposition of tosyl hydrazone salts 4a or 4b, potential sources of 
, and homocubanylidene (6), leads to products derived from 6 in each case. 
source of 6 in the photolysis of 4a is l(9)-homocubene, 7. 


t - 
N-N-Ts Na+ 


.. 


The photolysis of a heterogeneous mixture of the sodium salt of 4a or 4b in cis- or 
trans-4-methyl-2-pentene, leads to a single cyclopropane (8 or 9) isolated in ca. 30% yield. In 
both 8 and 9 the cage hydrogens appear between 6 3-4 and 2.5, with the cis compound 8 
showing a considerably less symmetrical group of cage signals. Decoupling experiments using 
the isopropyl methyne proton and the cyclopropyl hydrogens allowed us to measure the 
coupling constants for the cyclopropyl hydrogens in the two compounds (8, J = 8.4 Hz, 9, J = 
5.3 Hz). By way of comparison, the cis and trans coupling constants in cyclopropane itself are 
9.0 and 5.6Hz, respectively.' Thus we feel our stereochemical assignments are on firm 
ground. Carbene 6 adds to 4-methyl-2-pentene in stereospecific fashion; there is no detectable 
amount of the 'wrong' stereoisomer. This agrees with Eaton and Hoffmann's results,3 and with 
the report by Moss and Dolling that 7-norbornanylidene added stereospecifically to the same 
alkene.' 


9 


- 4 b  c 


hv hv 


8 


The photolysis of the tosyl hydrazone salt is bedeviled by the formation of a sulfur 
containing product, and we therefore sought a carbene source less prone to diversion." Many 
years ago Eschenmoser and his co-workers described the formation of hydrazones from 


*This product clearly results from the readdition of a fragment of the tosyl hydrazone. Its structure is not certain yet, 
but it is probably merely the sulfone formed by simple attack of toluene sulfinate on the reactive intermediate. 
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N-aziridylamines.8* Thermal decomposition of such hydrazones induces a fragmentation 
which apparently generates a carbene. We have found that photolysis also produces carbenes 
from these compounds. In particular, photolysis in cis-4-methyl-2-pentene of the hydrazone 
10, formed from cubyl carboxaldehyde, leads to 8, the same cyclopropane as is formed from 4a 
or 4b. 


Q1:”Ph  & h v $ Ph 


Although these results do not require cubylcarbene 5 as intermediate, they do strongly 
implicate the bridgehead alkene 7 and its rearrangement to 6. They also show that the phenyl 
group in I ,  2 and 3 is not required for the rearrangement. It might have been thought that the 
ease of migration of phenyl or the increased polarization induced in the bridgehead alkene 2 
was responsible for the alkene-to-carbene rearrangement, but such is not the case; the parent 
compound also rearranges. 


A key question involves the reversibility of the conversion of bridgehead alkene 7 to 
carbene 6. Irradiation of 11 in a mixture of benzene and CH30D did lead to both 12 (formed 
from 6) and 13 (formed from 7), but this result does not identify the first formed intermediate. 
The lack of other deuterated isomers of 9-methoxyhomocubane does make the intervention of 
the degenerate 9-hoinocubyl cation unlikely, h ~ w e v e r . ~  Authentic 13 was made in a sequence 
starting from the ethylene ketal of l-bromohomocuban-9-one, and the 2H-NMR spectra were 
used for quantitative analysis (12, 6 = 3.94; 13, 6 = 3.28). 


benzene/Cl-$OD 


1 2  


1 1  


1 3  


If the carbene 6 is formed first from 11, then the isolation of 13 shows that it does rearrange 
to 7. However, 11 might produce 7 directly, in a Wolff rearrangement-like process, without 
the intervention of 6. In this scenario the known conversion of 7 to 6 would account for the 
formation of both products. The change in the relative amounts of 12 and 13 with methanol 


*We send special thanks to Professor A. Dreiding for alerting us to the possibilities of this precursor for carbenes, 
Fefor, Norway, September 1987. 
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Table. Relative amount of 12 and 13 as a function of [CH@D] 


% methanol 100 50 25 9 3 2 1 
12/13 1.8 1.8 1.9 2.4 2.9 7.3 9.5 


concentration suggests that it is the latter situation that obtains, as it is 13 that increases as the 
methanol concentration increases (Table). * 


Flash vacuum pyrolysis at 400°C of tosyl hydrazone salts 4a or 4b leads to substantial 
amounts of the sulfur containing material, of uncertain structure, mentioned earlier. Pyrolysis 
of 4a and 4b or 10 and 11 at 6 0 ° C  leads cleanly to indene. Although several mechanisms can be 
envisioned, to us this result seems most easily rationalized if 7 is an intermediate in each case. 
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ABSTRACT 


The disparity reaction proposed in a recent application of Marcus-Grunwald theory to nitroalkane 
ionization is shown to put the reaction's transition state in an energy-diagram region where electronic 
rearrangement leads proton transfer, contrary to experimental evidence; it is suggested that addition of 
solvent reorganization to electronic rearrangement as the second reaction progress variable would 
remedy this situation. 


Marcus theory' provides a useful framework upon which analysis of rate-equilibrium 
relationships in chemical reactions may be based. The theory is limited, however. to cases that 
can be described by a single reaction progress variable. In systems with two (or more) reaction 
events, such as, for example, the proton transfer and electronic rearrangement in reaction of 


ArCH=NOOH ArCH=NO; 
+HO- + ti-0 


A r C k N Q  TRANSFER A r f H  NOp 
+ HO- + H20 


Figure 1 .  Energy diagram for the reaction of ring-substituted phenylnitrornethanes with the hydroxide ion using 
proton transfer and electronic rearrangement as the reaction progrcss variables 
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arylnitromethanes with hydroxide ion, shown as the horizontal and vertical coordinates of 
Figure 1, the theory requires these events to develop in a completely synchronous manner. 
This confines the system to motion along the reactant-to-product diagonal of an energy 
diagram such as Figure 1; it permits only parallel or Hammond displacements of the transition 
state and does not allow perpendicular or Thornton effects.’ 


Grunwald has recently shown how this restriction may be lifted by adding an additional term 
to the Marcus equation.* His treatment introduces a second model process or ‘disparity 
reaction’ which connects the two remaining corners of the energy diagram and provides a 
second diagonal perpendicular to the ‘main reaction’ path. 


In applying his treatment to the reaction of ring-substituted arylnitromethanes with 
hydroxide ion, Grunwald took the disparity reaction to be the conversion of a hypothetical 
nitronate anion, with its negative charge localked on  carbon, to the corresponding nitronic 
acid, equation (1). 


Ar-CHN02 + H 2 0  -+ ArCH=NOOH + HO- (1) 
It is instructive to estimate the free energy change for this process. This may be done by taking 
the sum of the free energy changes for transformation of the charge-localized nitronate ion to 
the real, charge-delocalized ion, equation (2), protonation of 


Ar-CHNO* + ArCH=NO,- (2) 


( 3 )  ArCH=NO,- + €V -+ ArCH=N02H 


the real ion to give the nitronic acid, equation ( 3 ) ,  and ionization of water, equation (4). The 
acid dissociation constant of the nitronic acid derived from phenylnitromethane has been 
measured, pK, = 3.89,3 and that gives AGO = -5.3 kcal mol-’ for equation (3 ) ,  while the 
autoprotolysis constant of water provides AGO = 19.1 kcal mol-I for equation (4). It is more 
difficult to obtain a value of AGO for equation (2), because its reactant is a hypothetical 
species, but an upper limit can be set in the following way. The process of equation (2) is also 
the event that takes place along the right vertical edge of the diagram in Figure 1. The lower 
right corner of this diagram, which contains this hypothetical species, is an energy maximum, 
below, or at, which the transition state of the reaction must lie. The energy of the transition 
state is therefore a lower limit for the energy of the hypothetical charge-localized ion, and the 
energy decrease in going from the transition state to reaction products must be an upper limit 
for the energy change of equation (2).  The rate and equilibrium constants for the reaction of 
phenylnitromethane with hydroxide ion4 then give AGO d -24.2 kcal mol-’ for equation ( 2 ) .  
This leads to AGO S -10.4kcal mol-l for the disparity reaction of equation (1). 


This estimate makes the disparity reaction an exoergic or downhill process. Since disparity 
reactions provide perpendicular or Thornton perturbations on the position of transition states, 
the effect of this exoergic process will be to move the transition state off the main reaction 
diagonal in a direction toward the upper left corner of Figure 1. This is the region where 
electronic rearrangement leads proton transfer. All existing experimental evidence on this and 
other nitroalkane ionization reactions, however, require electronic rearrangement to lug 
behind proton transfer. Lb*4,5 The process of equation (1) therefore cannot be the disparity 
reaction for nitroalkane ionization. 


This situation might be remedied by keeping proton transfer to and from carbon as the 
horizontal coordinate of the energy diagram, but adding solvent reorganization to the 
electronic rearrangement which has been taken as the vertical coordinate (Figure 2). As one of 
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ArCH,NOyS A,CH=N&S 
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+kl- - 


I 


A~C+JQ PROTON TRANSFER A ,  


++0- 


CH NO? 
+ HO--+S- ++o+s- 


Figure 2. Energy diagram for thc reaction of ring-substituted phenylnitromethanes with the hydroxide ion using 
proton transfer and solvent reorganization plus electronic rearrangement as the reaction progress variables 


us has already pointed out,h this would place an improperly solvated nitroalkane molecule in 
the upper left corner of the diagram. Such a substance, with solvent shell appropriate to a 
nitronate ion rather than a neutral nitro compound, would surely be an unstable species. It is 
quite likely that the instability would be sufficient to make the new disparity reaction an 
endoergic or uphill process, and that would put the transition state below the main reaction 
diagonal in a region where electronic rearrangement quite properly lags proton transfer. 


This proposition is supported by the effect on nitroalkane ionization of changing the solvent 
for this reaction from water to dimethyl sulphoxide. One manifestation of the nonsynchronous 
evolution of reaction events in nitroalkane ionization is the occurrence of anomalous Brmsted 
exponents, i.e. exponents outside the limits zero to one; hence the term ‘nitroalkane 
an~maly ’ .~”  For the ionization of ring-substituted phenylnitromethanes, the Brmsted 
exponent is 01 = 1.5 in aqueous s ~ l u t i o n , ~  but in dimethyl sulphoxide, which is a much poorer 
anion-solvating medium, the exponent drops to the less anomalous value (Y = 0.9.7 
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ABSTRACT 


Triethylsilyl radical was generated by laser flash photolysis of a 1:l ( v h )  solution of triethylsilane and 
di-tert-butyl peroxide. The silicon centered radical was reacted with sulfides to give carbon centered 
radicals by displacement a t  sulfur. The carbon radicals were readily detected by their transient 
absorption spectra. The absolute rate of reaction of triethylsilyl radical with 9-fluorenylphenylsulfide, 
di-n-butylsulfide, di-sec-butyl sulfide, di-tert-butyl sulfide and di-n-butyl disulfide are 2.40 ? 0.12 x 10' 
M - I  - I  0.89 X 1Of'M-'S-l, 8.79 k 0.73 X 1 O h M - .  I S - ' ,  3.29 i 0.18 X 10" M - ' s p l 3  and 3.41 * 
0.09 x 10' M - ' ~ ' ,  respectively. 


S , 1.1 X 10' 


INTRODUCTION 


Silicon and tin centered radicals rapidly abstract halogen atoms from alkyl halides to generate 
carbon centered radicals. ' This approach has been used numerous times to generate organic 
radicals for study by electron paramagnetic resonance (EPR) or laser flash photolysis, or for 
use in organic synthesis. One of the more common approaches is to photolyze a solution of 
di-ferf-butyl peroxide (DTBP) and triethylsilane containing a halogen atom donor RX. Under 
these conditions R. can be generated via reactions (1)-(3) 


(tert-BuO)Z -% 2 tert-BuO (1) 


( 2 )  


( 3 )  


rerf-BuO. + Et,SiH ---C tert-BuOH + Et,Si. 


Et,Si. + RX ---C Et3SiX + R.  


1 


In certain cases, halides are inconvenient precursors to free radicals, particularly when RX is 
too labile to isolate or it reacts on mixing with triethylsilane. Hart has encountered this 
problem in his synthetic work on free radical cyclizations and found that aryl sulfides are 
convenient substitutes for RX that are easily prepared and handled.2 Although there are 
several absolute rate constants reported for reaction of 1 with halogen donors' no such data 
have been reported for sulfides. This has prompted our study of the absolute reactivity of 
triethylsilyl with various sulfides. This will allow a comparison of the reactivity of triethylsilyl 
with sulfides and the more traditionally used halide substrates. 


"Camille and Henry Dreyfuss Teacher Scholar. 
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A& 2 
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RESULTS AND DISCUSSION 


Laser flash photolysis (337.1 nm) of 1/1 triethylsilane/DTBP (v/v) containing 9- 
fluorenylphenylsulfide 2 gives the transient absorption spectrum of Figure 1. This spectrum is 
identical to that of the 9-fluorenyl radical (FIH-) reported e l~ewhere .~  In a similar fashion, 
flash photolysis of l i l  triethylsilane/DTBP containing 3, 4, and 5 gave the transient spectra 
(Figures 2-4) of the benzhydryl, 1-naphthylmethyl and anilino radicals respectively. The 
spectra are in good agreement with those previously reported.%’ The organic radicals are 
produced by the sequence shown below. 


/-- 


.I4 


.I3 
12 


.03 


.02 


- 


- 
1 1 1 l 1 1 1  


400 420 440 460 480 !BO 520 540 


Figure 1. The transient absorption spectrum of 9-fluorenyl produced by laser flash photolysis of 1/1 
triethylsilaneiDTBP containing 9-fluorenylphenylsulphide 


Control experiments with 2-5 in benzene demonstrated that direct laser excitation of these 
compounds does not produce detectable transient absorbance of the corresponding radicals. 
The quantum yield for process (4) must be low, but is not necessarily zero. Any radical formed 
in this reaction would appear ‘instantaneously’ on these time scales and would not interfere 
with the kinetic analysis (vide infra). 
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Figure 2. The transient absorption spectrum of benzhydryl produced by laser flash photolysis of 1/1 
triethylsilane/DTBP containing 3 


, 
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Figure 3. The transient absorption spectrum of 1-naphthylmethyl produced by laser flash photolysis of l / l  
triethylsilandDTBP containing 4 


I I i 1 


3% 400 450 500 


uknrelength (nm) 


Figure 4. The transient absorption spectrum of anilino radical produced by laser flash photolysis of l i l  
triethylsilane/DTBP containing 5 


cysph I $2 


337.1 nm - fJpJ + .SPh (4) 


The formation of 9-fluorenyl radical is not instantaneous (Figure 5) .  The formation of FlH 
follows first order kinetics to give kobs according to (5) 
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500 ns/div 


Figure 5. The formation of FIH. following laser flash photolysis of 1/1 triethylsilandDTBP containing 2 


where A ,  is the maximum in the transient absorption of FIH. following the laser pulse and A ,  
is the absorption at time = t .  The value of A ,  is taken at the plateau region of Figure 5 prior to 
the start of FlH. decay. Because the pseudo first order rate of formation of FIH is very much 
faster than its subsequent radical-radical decay, the two processes can be analyzed 
separately.3 


There is no evidence for reaction of fert-butoxy radical with 2 as per equation (6) to give 6 
under the conditions employed in this work. 


The spectra of radicals such as 6 are quite different from those of the corresponding 
hydrocarbon radicals and are quite easy to detect by flash photolysis.8 We have generated 6 by 
photolysing solutions of 2 in DTBP alone (Figure 6), and this radical shows a A,,, at 490nm, 
which is well separated from the sharp 500nm maximum found for FIH., but similar to the 
490nm A,,, reported for 9-chlorofluorenyl radical.' The complete absence of 6 under our 
conditions is not surprising. Scaiano has measured the absolute rate constant of reaction (2) to 
be 5.7 f 0.6 X 10' M-'s- '  at 300K, thus the lifetime of tert-butoxy radical in the presence of 


09 


08 


400 420 440 460 480 500 520 540 


Wavelength (nm) 


Figure 6. The transient absorption spectrum of 9-thiophenylfluorenyl radical, obtained by laser flash photolysis of 
DTBP containing 9-fluorenylphenylsulfide 







REACTION OF TRlETHYLSlLYL RADICAL WITH SULFIDES 43 


3.13 M triethylsilane (1:l Et,SiH:DTBP) will be less than 56 1-113.~ Thus, even if the absolute rate 
constant of reaction (6) is as large as lo7 M-'s- ' ,  then the pseudo first order rate constant for 
the formation of 6 in a solution containing as much as 0.1 M 2 will be 18 times slower than the 
pseudo first order rate constant of formation of triethylsilyl radical. (Typical rate constants for 
H atom abstraction reactions of tert-butoxyl with ethers are = 106M-'S-'. '" Th e maximum 
concentration of 2 used in these experiments was 0 . 0 4 ~  thus we feel that 18 represents a 
conservative lower limit.) The observed pseudo first order rate constant for the formation of 
FIH. is related to k ,  the absolute rate of reaction (5) by equation (7), 


kobs = k ,  + k, [9-fluorenylphenylsulfide] (7) 
where k ,  represents all possible first order decay modes of triethylsilyl radical 1 in the absence 
of quencher. A plot of kobs versus [2] from 0-00.54-04~ is linear. Two independent 
determinations of the quenching rate constant gave 2.40 4 0-12 x 10' M - ' s - '  and 2-58 4 0.15 
X 10' M-'s- '  (Figure 7). This rate constant is about 5 times slower than the rate constant for 
reaction of 1 with 9-bromofluorene (Table 1) which we have measured in this work. 


I I 
0392 0680 0.968 1.25 1.54 


[ZI x lo2 


Figure 7. A plot of koh\ versus concentration of 9-fluorenylphenylsulfide obtained for its reaction with triethylsilyl 
(see text) 


Table 1. The absolute rate constants of reaction of 
triethylsilyl radical with various quenchers 


Reagent 


9-bromofluorene 
9-fluorenylphenylsulfide 
n-Bu-S-nBu 
sec-Bu-S-sec-Bu 
tert-Bu-S-fert-Bu 
n-Bu-S-S-nBu 
n-Bu-Br4 
tert-Bu-Br4 
n-Bu-C14 
tert-Bu-CI4 


k q ( ~ - ' s - ' )  Footnote 


1.27 f 0.13 x 10' a 
2.40 f 0.12 x 10' a 
1.12 +- 049 x 10' a ,  b 
8.79 * 0.73 x 10' a ,  c 
3.29 k 0.18 X 10' a ,  d 
3.41 -t 0.09 x 10' a ,  e 
5.4 * 0.1 x 10' 
1.1 k 0.5 X 10' 
3.1 f 1.4 X lo5 
2.5 2 0.2 X lo6 


a)  This work, k one standard deviation 
b) Concentration range of quencher is 0~056-0~521 M 


c) Concentration range of quencher is 0471-0.521 M 


d) Concentration range of quencher is 0428-0.506 M 


e) Concentration range of quencher is 0.0052-0.0392 M 
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The reaction of 1 with dialkyl sulfides (reaction 8) gives alkyl radicals which lack a suitable 
chromophore to allow for their direct detection by laser flash photolysis. 


Et,Si + tert-Bu-S-rert-Bu ---5 Et,SiS-tert-Bu + tert-Bu. (8) 


The kinetics of these processes were monitored using a Stern-Volmer approach and 
9-fluorenylphenyl sulfide as a probe.3 In this experiment, the yield of F1H. (formed by flash 
photolysis of Et,SiH/DTBP) containing constant [2], was monitored as a function of added 
alkyl sulfide or disulfide. Under these conditions equation (9) holds 


where 4) and @' are the yields of FlH. in the presence and absence of alkyl sulfide respectively, 
k, is the absolute rate constant of reaction (8), [q] is the concentration of alkyl sulfide 
quencher, and t is the lifetime for the formation of triethylsilyl radical in the absence of sulfide 
quencher. The values of $I and +' obtained by measuring A ,  - A, as a function of quencher 
(Figure 5) .  Typical values of z are in the range of 250-300 ns when [2] = 0.02 M.  The quenchers 
do not absorb significantly at 337 ( E ~ ~ ,  = 0-7 for di-n-butylsulfide and E~~~ = 2.8 for di-n-butyl 
disulfide) thus quenching of the probe signal of FIH due to screening by the quencher is not a 
concern. Furthermore the observed rate constant of formation of FIH increases with quencher 
concentration, in accord with our mechanism. A typical plot of 4)'/$ versus di-n-butyldisulfide 
is given in Figure 8, and values of k, are listed in Table 1. The reactivity trend for triethysilyl 
radical is 


Bu-S-Bu > sec-Bu-S-sec-Bu > tert-Bu-S-tert-Bu 
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Figure 8. A plot of v/$ versus di-n-butyidisuifide, see text 


This trend is opposite to that of organic radical stability (primary < secondary < tertiary). 
Obviously a steric interaction must offset the effect of radical stability. The spread in rate 
constants in this series is only 3 4  which indicates that the transition structure for reaction (8) 
is very early and involves more S-Si bond making than C-S bond breaking. The absolute 
reactivity of triethylsilyl radicals with alkylsulfides is comparable to the rate of reaction of 1 
with chlorides and much slower than the reaction of 1 with bromides or iodides. 







REACTION OF TRIETHYLSILYL RADICAL WITH SULFIDES 45 


Di-n-butyl disulfide reacts nearly 100 times more rapidly with 1 than do the dialkyl sulfides. 


Et,Si + Bu-S-S-Bu -+ Et3Si-n-Bu + n-BUS- (10) 
This is a consequence of the relatively low bond dissociation energy of C-S (rather than 
S-S) in a disulfide (52.6-56-6 versus 74 kcal/mol)." The longer bond length of S-S relative 
to C-S (2.05 versus 1.82A)" may also lead to increased steric accessibility of the disulfide 
sulfur, which will accelerate the rate of homolytic displacement. 


Chemical analysis of the DTBP, triethylsilane, di-n-butylsulfide system support the 
proposed mechanism. Photolysis of 0.1 M dibutylsulfide and 0.1 M DTBP in triethylsilane gives 
a high yield (79 %) of silyl sulfide 7 as required by the proposed mechanism. A small quantity 
of hexaethyldisilane 8 was also formed in the reaction. It was not possible to perform product 
studies of this type using benzylic sulfides due to the light sensitivity of both the reactants and 
of the expected reaction products. 


Et3Si* + Bu-S- Bu-Et3Si-S-Bu + nBu. 


7 
N 


I - 
Et$i-SiEt, 


8 


CONCLUSIONS 


The absolute rate constants for reactions of triethylsilyl radical with various sulfides can be 
readily monitored by laser flash photolysis. They are similar to those for the corresponding 
alkyl chlorides and much slower than those for the corresponding bromides. This implies that 
sulfides can be used as convenient precursors for radical generation when the corresponding 
halide is inconvenient. The kinetics of the reaction are more sensitive to steric effects than to 
the stability of the radical reaction product which implies a transition state with more 
sulfur-silicon bond making than carbon-sulfur bond breaking. 


EXPERIMENTAL 


Triethylsilane (Aldrich) and DTBP (Mallinkrodt) were used as received. Solutions were 
placed in 1 cm2 suprasil quartz cells and deoxygenated by bubbling with high purity nitrogen. 
The samples were irradiated with the pulses of a Molectron UV-22 Nitrogen laser (337.1 nm, 
6mJ,  10ns) which were passed through a beam splitting prism to be coincident with a 1000 
Watt xenon arc lamp monitoring beam. In some cases a Lumonics TE-861-4 Excimer laser 
using a Xe, F2, He gas mix (350nm, -80mJ, 10ns) was used as the excitation source. Suitable 
Ealing glass filters were placed between the sample and monochromator photomultiplier tube 
assembly to prevent laser radiation from impinging on the detector. The monitoring beam was 
focused on the slit of an Oriel Monochrometer with approximately 1 mm front and rear slits. 
Signals were obtained with an IP 28 photomultiplier tube detector (411s response time) and 
were digitized by a Tektronix 7912 A/D converter. The experiment was controlled by an 
Apple IIe microcomputer which was also used for storage, processing, and hard copies of the 
data. Absorption spectra were obtained from flowed solutions. Kinetic studies were 
performed using static samples. 


9-Fluorenylphenylsulfide (2), diphenylmethylphenylsulfide (3), I-naphthyl methylphenyl- 
sulfide (4) and N-phenylbenzene-sulfenamide used in this study were prepared and purified by 
procedures described in the literature. 12-'' 
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Product analyses were performed by photolyzing degassed solutions sealed in pyrex tubes 
with a Rayonet Reactor using RPR-350 light sources. The products were analyzed on a 
Hewlett Packard 5830A G. C. using a 6ft  by 118" SE-30 column. 
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EXTRUSIONS OF DIBROMOCARBENE UNDER NEUTRAL 
CONDITIONS 


PHILIP M.  WARNER’”, SHIH-LA1 LU AND R. GURUMURTHY 
Department of Chemistry, Iowa Stule Univc,rsily, Ames. I A  50011, USA 


ABSTRACT 


The thermal and photochemical decompositions of 5 have been studied. Both reactions lead to CBr2 
transfer in good to high yields. With the 2-pentenes as substrates, CBrz transfer is stereospecific in the 
classical singlet carbene manner. 


The generation of free dibromocarbene (CBr2) under neutral conditions is a long-standing 
problem. The Seyferth method is flawed, in  that organometallic complexes may complicate 
the observed chemistry.* The diazo route is essentially precluded due to instability, and the 
diazirine is unavailable. Vogel reported4 the mild thermal extrusion of CX2 from 1, but for 
X = C1 or Br the preparative yields of 1 were too low to be generally useful. Recently, Jones, 
Jr. and Moss’ described the photochemical extrusion of CX2 from 3, itself prepared from a 
mono-dehydrogenation of the corresponding 11,l l-dihalo[4.4.l]-propella-3,8-diene. The 
selectivity of the CBr2 generated from 3 is somewhat different from that of CBr2 from 
KOtBu/18-C-6; the source and significance of this difference is currently unknown. 


- > :cx2 c -a & & A ,  & -m 
hv / /  \ /  6 O o C  


-1 day 
1 2 3 


X = F, C1, Br X = C1, Br 


In the course of our studies of bridgehead alkenes,” we had occasion to synthesize 5 from 4.’ 
Unlike the synthesis of 3, the 4 to 5 conversion offers no opportunity for over-oxidation. With 
no original mind to the extrusion of CBr2, we were intrigued to observe the formation of indan 
when 5 was heated at 100°C in HOAc/NaOAc. We thus turned our attention to the question of 


*Author for correspondcnce 


0894-3230/88/05028 1-05$05 .OO 
@ 1988 by John Wiley & Sons, Ltd. 


Received 30 November 1987 
Revised 8 March I988 







282 P.  M .  WARNER, S.-L.  L U  A N D  K .  G U K U M U R T I I Y  


Br- Br 


5 


thermal CBr2 extrusion under neutral conditions. (Note that in footnote 10 of reference 4 it is 
reported that the dichloro analog of 5 transfers CCI2 to alkenes at temperatures above 15OOC.) 


When 5 was heated in cyclohexene solution, indan and 7,7-dibromon~rcarane~ were formed 
in amounts which were temperature and time dependent (see Table 1). In order to probe the 
question of stereospecificity, we repeated the thermolysis at 147"C, this time with the 
2-pentenes as the recipient alkenes. The products and yields are given in Table 3 .  
Dibromocyclopropanes 6 and 7 were independently synthesized via the standard CHBr3/ 
KOtBu procedure. The thermal CBr, transfer reported herein was stereospecific. 


Table 1. Yields of thermal CBrz transfer to cyclohexene 


% Yields 


Temperature Reaction a $ Br Recovered 
("C) time (h) 5 


I20 6 9 10 >90 
120 19 18 20 74 
135 h 23 27 70 
I35 
I 47 
147 


12 47 50 53 
6 56 53 21 


12 64 56 9 


(It is worthwhile to note that thermolysis of 5 in 10 equiv. trans-stilbene (147"C, 12 h) led to 
a 42% yield of indan, but no dibromocyclopropane adduct. We have otherwise noticed the 
reluctance with which trans-stilbene accepts CBr2 under normal (e.g. CHBr,/base) conditions. 
However, the thermolysis of 5 is apparently subject to solvent effects. Thus heating 5 with 10 
equiv. [runs-stilbene in cyclohexane as solvent (147"C, 10 h) led to a 74% yield of indan (again 
without any CBrz plus stilbene adduct).) 


As mentioned above, 5 gave indan without formation of a CBr2 adduct, which led us to 
think that the CBr2 extrusion was unimolecular. A more quantitative test of this hypothesis 
was realized by following the loss of 5 under pseudo-first order conditions in cyclohexene or 
cyclohexene/cyclohexane solution. The derived pseudo-first order rate constants (Table 2) are 
unchanged over an eight-fold change in [cyclohexene]. This clearly illustrates the unimolecular 
nature of the thermal CBr2 extrusion from 5 .  


The room temperature photochemical extrusion of CBr2 was also investigated, with the 
results shown in Table 3 .  The yield of dibromocyclopropanated product was at least as good as 
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Table 2. Kinetics of thermal decomposition of 5" 


k x lo' (s-I) 


a In each case, [5],= 0.16 M; T = 134" k 1°C. 


' 50% cyclohexene/50% cyclohexane. 
Pure cyclohexene 


12.5% cyclohexene/87~5% cyclohexane. 


Table 3. Products and yields from CBrz extrusions in 2-pentenes 


Productsh 


Br 


Recovered Materials Startinga Conditions Decomposition t 6 Bfr 7 5 


5+ 147"C, 8.5 h 65% 40% - 20% 


5+ 147"C, 8-5  h 87 % - 55 % 24% 


5+ hv (254 nm), 18.5 h 90% 90% 2.7%" 51 % 


5+ \ hv (254 nm), 18.5 h 75 % - 75 % 52 % 


In each case the molar ratio of 5 to alkene was 1:161. 
Yields based on unrecovered 5. 
Average of 3 GC analyses of thc same sample. 


that reported from 3.5 The small amount of 7 formed from cis-2-pentene may be misleading, in 
that 1-2% of 7 was also formed from cis-2-pentene and CHBr,/KOtBu. In any event, 
photolysis of 4.5mg 5 in 0.2 ml cis-2-pentenell ml pentane for 9 h led to a 75% yield of indan, a 
63% yield of 6, but no trans isomer. 7. Attempts to observe a direct photoisomerization of 6 (in 
cis-Zpentene) to 7 led to possibly 0.5% isomerization after 18.5 h. 


In summary, 5 is a readily available source of CBr2. In addition, this approach to CBr2 
represents a paradigm for other carbenes; we are pursuing such possibilities. 
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EXPERIMENTAL SECTION 


General 


NMR spectra were recorded on a Nicolet 300 MHz instrument; 1R spectra were recorded on 
Beckman IR-18A and IR-4250 spectrophotometers; mass spectra were obtained on Finnegan 
4023 quadrupole GUMS and Kratos MS-50 high resolution MS instruments. Product yields 
were determined by internally standardized (mesitylene) capillary GC analysis on a 
Hewlett-Packard 5890 machine. Under standard temperature programming conditions (8OOC 
for 2 min, then 80"-300°C at 20"C/min.), the following retention times were observed: 5:  8.69 
min.; 6: 4.47 min.; 7: 4-17 min.; indan: 4-04 min. Melting points are uncorrected. A medium 
pressure Hanovia lamp was used for photolyses. 


10,lO-Dibromo[4.3.I]propella-2,4-diene (5) 


A solution of 4' (2-4 g, 8.3 mmol) and 2,3-dichloro-5,6-dicyano-l ,&benzoquinone (DDQ, 4.2 
g, 18 mmol) in 10 ml CH2CI2 was heated at 75°C for two days in a sealed tube. The cooled tube 
was opened, and the filtered greenish solid washed with hexane. Subsequent chromatography 
on alumina gave colorless crystals of 5 (0.8 g, 35%), mp 72"-73"C. IR (CCl,): 3040, 2970, 
2940, 2870, 1445, 1170, 1155, 1040, 635 cm-'; the 'H-NMR, UV and exact mass have been 
reported.6b 


(Z)-1 ,1-Dibromo-2-ethyl-3-methylcyclopropane (6). 


Addition of CHBrB to a mixture of cis-Zpentene (Aldrich) in pentane, and KOtBu at -20°C 
was effected in the standard fashion.' The cis-cyclopropane (6) was purified by distillation, bp 
25"-26"C/0-05 Torr. 'H-NMR (CDC13): 6 1.03 (t, 3H), 1.08 (d, 3 H), 1-3-1-7 (m, 4 H); 
"C-NMR (CDCQ: 6 38.6, 35.0, 28.1, 20.2, 12.6, 11-1; IR (neat): 2966, 2932, 2876, 1456, 
1381, 1126, 737 cm-'. Analysis calculated for C6HloBr2: rnle 241.9129. Found: m / e  241.9132. 


(E)-l,1-Dibromo-2-ethyl-3-methylcyclopropane (7). 


truns-2-Pentene (Aldrich) was used to prepare 7 by exactly the same procedure used for 6; 7 
had the same bp as 6. 'H-NMR (CDC13): 6 09-1-2 (m, 2 H), 1-04(t, 3 H), 1.4 (d, 3 H), 1.5-1.6 
(m, 2 H); I3C-NMR (CDC13): 6 39-9,39-3,31.4,26.1, 17.4,12.6; IR (neat): 2964,2932,2876, 
1458,1381,1138,825,756,737 cm-' . Analysis calculated for C6H10Br2: rnle 239.9149, Found: 
rnle 239.9153. Under our GC conditions, 7 has a retention time between indan and 6. 


Thermolysis of 5 in cyclohexene. 


Solutions of 5 (0.15 g , 0.5 mmol) in cyclohexene (0.4 g, 5 mmol) were sealed in tubes and 
immersed in an oil bath at the temperature and for the times indicated in Table 1. The cooled 
tubes were then opened, and the solutions diluted with CHC13 to appropriate analytical GC 
concentrations. After 15 p1 of mesitylene had been added, GC analyses were performed. 
Correction factors were obtained using commercial indan (Aldrich) and independently 
prepared 7,7-dibromonorcarane.' The results are given in Table 1. 
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For the  kinetic runs (Table 2), five sealed tubes with identical contents were immersed 
simultaneously in an oil bath held a t  134" _+ 1°C. O n e  tube each was withdrawn after 3, 6, 12, 
24, and 48 h, and  the  cooled solutions analyzed by GC with internal mesitylene standards. The  
rate constants were calculated by the  standard method for first order reactions. 


Thermolysis of 5 in 2-pentenes. 


A solution of 5 (9 mg, 0.03 mmol) in either cis- or trans-Zpentene (0-35 g, 5 mmol) was sealed 
in a pyrex tube and  immersed in an oil bath at 147°C for 8.5 h. The  cooled tube was opened, 
the  contents diluted, mesitylene added, and  the mixture analyzed by capillary GC. The results 
a r e  given in Table 3. 


Photolysis of 5 in 2-pentenes. 


Exactly the  same sealed solutions as described above were irradiated in a Rayonet reactor for 
18.5h. The  opened samples were analyzed as above to give the  data shown in Table 3. 


ACKNOWLEDGEMENT 


W e  are grateful for  support of this work by the  National Science Foundation (CHE-8416728). 


REFERENCES 


1. D. Seyferth, J. Y.-P. Mui and J. M. Burlitch, J .  Am. Chem. SOC., 89, 49534959 (1967). 
2. J. B. Lambert, R. J. Bosch and E. G. Larson, J. Org. Chem., 50, 3054-3059 (1985), and references 


3. G. L. Closs and J. J. Coyle, J .  Am. Chem. Soc., 87, 4270-4279 (1965). 
4. V. Rautenstrauch, H.-J. Scholl and E. Vogel, Angew. Chem. Int. Ed. Engf., 7 ,  288-289 (1968). 
5. J. F. Hartwig, M. Jones, Jr., R. A. Moss and W. Lawrynowicz, Tetrahedron Lett., 27, 5907-5910 


(1 986). 
6. (a) P. M. Warner, M. Ah-King and R. F. Palmer, J. Am. Chem. SOC., 104,71667173 (1982); (b) P. 


Warner and S.-C. Chang, Tetrahedron Lett., 4141-4144 (1979); (c) P. M. Warner et al .  J .  Am. Chem. 
SOC., 99, 5102-5118 (19771, and references therein. 


therein. 


. ,  
7. E. Vogel, W. Wiedenmann, H. Roth, J. Eimer and H. Giinther, Liebigs Ann. Chem., 759, 1-36 


( 1972). 
8. W. R: Moore, H. R. Ward and R. F. Merritt, J. Am. Chem. SOC., 83, 2019-2020 (1961). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 1,33-38 (1988) 


CIRCULAR DICHROISM OF IN-SITU TRINUCLEAR 
ORGANOTRANSITION METAL COMPLEXES WITH 


OPTICALLY ACTIVE LIGANDS 


DEREK H. R. BARTON" 
Institut de Chimie des Substances Naturelles, C .  N .  R.S. ,  F 91 I 9 0  Gif-sur-Yvette, Frunce 


AND 


JADWIGA FRELEKt AND GUNTHER SNATZKES 
Lehrstuhl fur Strukturchemie, Ruhruniversiral Bachum, 0-4630 Bochum, FRG 


ABSTRACT 


Several Cotton effects are developed within absorption bands of trinuclear organotransitionmetal 
complexes in the presence of acids, diols, amines and aminoalcohols even in the  case of bulky 
substituents on nitrogen; with monohydroxy compounds no circular dichroism could be detected. 


Circular dichroism (c.d.) is obtained only within absorption bands. In order to obtain signals 
from nonabsorbing optically active substances in the range of accessible wavelengths 
'cottonogenic derivatives' have to be prepared. One procedure is the in-situ formation of chiral 
complexes by mixing a solution of an achiral transition metal derivative with the substance. An 
effect is seen provided that this derivative can act as a ligand, that the complex is relatively 
stable thermodynamically, and that it is labile enough kinetically, so that ligand exchange 
(eventually at elevated temperature) is possible. The c.d. curves of complexes between 
transition metal acylates of general formula [M2(02C.R)4]'zCX; (M = Mo, Rh or Ru; n = 0 or 
1; X = C1) and ligands like carboxylates, glycols, amines, aminoalcohols, amides, phosphanes, 
etc. have recently been reviewed by us.' We have now found that trinuclear organometal 
carboxylate complexes of general formula [M,0(O2C.R),L3]"+ (0,C.R); Li (M = Fe or Ru; 
L = water or pyridine; L' = pyridine; n,k = 0 or 1) as they have been used for the activation of 
C-H bonds in saturated hydrocarbons,2 give several intense Cotton effects between 700 and 
250nm. Spurious small c.d. bands at still longer wavelengths are not reproducible and might 
be artefacts. 


Crystal structures of several such complexes (M = Fe, Mo, Cr, etc.), in which the oxidation 
state of the metal atoms is either Mi" or M"M:", are known.' In those, which are currently 
being investigated by us each metal atom is surrounded by 6 ligand positions in an octahedral 


*Current address: Department of Chemistry, Texas A & M University, College Station, TX 77843-3255 (USA) 
+Permanent address: Department of Chemistry, Warsaw University, PL-02093 Warsaw (Poland). 
$Author for correspondence. 


0894-3230/88/010033$0.5.00 
@ 1988 by John Wiley & Sons, Ltd. 


Received 27 July I987 
Revised 23 November I987 







34 D. 14. R. BARTON. J .  FRELEK AND G. SNATZKE 


L 
I 


Figure 1, Schematic representation of duodecant rule for the c.d. of optically active acids in the presence of one of the 
complexes (1) to (4). Only part of the formula of the complex is drawn. hatched and non-hatched areas contain groups 


with different signs of their contributions to the c.d. 


arrangement, and although the symmetry in the crystal is only D3, it does not deviate too much 
from D3h. The pseudoscalar representation in this point group is A;' the simplest 
symmetry-determined sector rule which is appropriate is then a duodecant rule4 (Figure 1) to 
which however-at least for some transitions-additional nodal surfaces may have to be 
added, which are then orbital-determined. These sector rules are only applicable to 
compounds containing chiral acylate ligands or monoamines; for glycols or amino alcohols as 
ligands, helicity rules which correlate the sign of the torsional angle (-0-)C-C(-X-) 
with that of the Cotton effect may be more important than these sector rules (cf. Reference S ) ,  
if they act as bidentate Iigands. 


Table 1. C.d. of in situ trinuclear organotransitionmetal complexes (1) to (4) with 
some representative optically active substances 


Optically active 
potential ligang 


1,2-diols 
acids 
-11- in presence of OH- 
a-hydroxy acids 
-11- in presence of OH- 
a-amino acids 
-11- + OH- 
-11- + H+ 


-11- + H+ 


_/I_ + H+ 


arninols 


prim. amines 


tert. amines 
crossed con j . 
hydroxy-dienones KT"" 


0 
I I  


+ 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


- 


+ 


+ 
+ 


- 
0 
+ 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


- 


- 


+(el 


+: CD develops after addition of optically active compound to stock solution. 
- :  no CD could be observed after mixing. 
0: not measured. 
a) no reaction with 3P-carboxy-cholest-Sene. 
b) only in pyridine solution. 
c) not measurable in pyridine under these conditions. 
d) no reaction with ephedrine. 
e)  only in water or after reflux in DMSO. 
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[Fe30(0*CCH,),(H,O),j (V, [Fe30(02CCH3)6PYr31 [Fe,o(02CCH3),pYr~l*PYr (3)2 > 


and [Ru~O(O~CCH, ) , (H ,O)~]~  CH3C02- (4)’ (pyr = pyridine) have now been used to test 
the applicability of complexes of this type for our purposes. Table 1 shows our results obtained 
with representative compounds. As expected, in the presence of each of the 4 complexes 
appreciable c.d.’s are seen. In general several Cotton effects are obtained with acids, and also 
with aminols (free bases or hydrochlorides). None of the monohydroxy compounds tried out 
hitherto showed a c.d. curve under these conditions, nor did thioethers. Glycols gave, 
however, c.d. curves with the iron containing complexes 1-3. On the other hand the 
ruthenium complex 4 seems to be more useful for amines and was the only one which gave 
Cotton effects with carboxylates. 


In Figures 2 4  a few such c.d. curves are shown. Since in most cases strong Cotton effects 
appear between 500 and 400 nm these complexes may even be more useful than the di-metal 
tetraacetates’ for the determination of the absolute configuration from c.d. of substances 
showing their own strong c.d. bands or U.V. absorptions up to 400nm. 


Typical examples: a) the c.d. of a solution of complex 1 in dimethyl sulphoxide DMSO and 
an aminoalcohol can be measured immediately after mixing. Figure 2 shows the c.d. curves 
in presence of D- and L-phenyl alaninol, respectively (5 and 6). They are enantiomorphic to 
each other (although no A&-scale is given, since we do not know the concentration of the 
optically active complex, it was the same for both enantiomers) and one can recognize 6 c.d. 
bands around 600, 490, 450, 390. 310, and 265 nm. All Cotton effects besides the fifth one 
have the same sign for a given enantiomer: e.g. for the D-enantiomer these are positive. The 
two valinols show the same behaviour. 


I’ 
I ‘  


Figure 2. C.d spectra of D-phenyl alaninol (5) (-) and L-phenyl alaninol (6) (------) in DMSO. in presence of 
complex (1 ) .  1 AE’-unit corresponds to 0-02 above 350nn1, to 0.08 below that wavelength 
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As ’ 


7 


Figure 3. C.d. spectra of (S)-propane-1,2-diol(7) (€WG) in presence of complex (2) (negative band at shorter wave- 
lengths not shown; 1 As‘-unit corresponds to 0425)  and of (-)-erythro tinofedrine (8) (-, 1 A&’-unit corresponds 


to 0.04) in presence of complex (3). both in acetonitrile 


b) The solution of a glycol like (S)-propane-l,2-diol(7) and complex 2 in acetonitrile gives 
Cotton effects around 520, 480, 397 nm and at still shorter wavelengths, which are negative 
for the (S)-enantiomer (Figure 3 ) .  


c) Complex 3 was also mainly used in acetonitrile solution. In presence of an 
aminoalcohol like (-)-tinofedrine (8) positive Cotton effects are recognized at 550,460, and 
400nm. At shorter wavelengths another, negative, seems to be present, because of the 
strong absorption of tinofedrine in this range we were, however, not able to record the full 
c.d. band (Figure 3). The positions of these Cotton effects are scarcely influenced by a 
change of the substituent on nitrogen. 
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d) To a solution of 4 in ethanol is added the optically active acid or base, eventually 
together with a droplet (amount not critical) of aqueous NaOH or HCl. For (-)-camphanic 
acid (9) a c.d. with a few negative Cotton effects (or one with pronounced vibronic fine 
structure) is obtained between 700 and 530nm, a much stronger, positive one around 
420nm, followed by smaller ones around 350 (negative) and 350nm (positive) (Figure 4). 
With D-phenylethyl amine (10) several positive Cotton effects without clear structure 


appear betwee‘n approximately 530 and 300nm with a negative one following at still shorter 


/ \  
I \  


I \  
I \  


I \ 
r -  \ 


I \ 
I 
I 


\ 
\ 


AS 


n+on 


0 8 


I 


Figure 4. C.d. spectra of (-)-camphanic acid (9) (-, 1 A€‘-unit corresponds to 0.007), and D-phenylethyl amine 
(10) (------. I AE’-unit corresponds to 0.012) in ethanol, in presence of complex (4) 
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wavelengths. The (apparent) negative Cotton effect between 650 and 530nm is very small, but 
becomes definitely positive after addition of a droplet of HCI (Figure 4). 


Typical procedure: To a stock solution of one of the complexes 1 to 4 of approximate 
concentration 0.7 to 1.9mrnoleil so much of the optically active compound is added that the 
ratio of ligand to complex is 3 . . . 6  to 1. Usually 1 mg of substance is enough to obtain good 
signalinoise ratios within the stronger Cotton effects. DMSO, acetonitrile, pyridine, or water 
were used as solvents. Occasional warming up of the solution, or the addition of a drop of acid 
or base may be necessary. The c.d. was measured with an ISA dichrograph Mark 111 
connected on-line to a PDPI8e. Curve smoothing was achieved with help of the 
Golay-Savitzky algorithm. Since the concentration(s) of the optically active complex(es) 
remain(s) unknown ficticious hE'-vahes are calculated on the basis of the concentration of the 
achiral stock complexes. 


In conclusion, then, we have developed a simple, but sensitive, method for the detection of 
optical activity in compounds of even low rotation. This procedure should serve for the 
analysis and determination of absolute configuration. Its application to peptides is timely. 
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Photoresponse of the poly(viny1 chloride) membranes, which contain spirobenzopyran and crown ether, 
covered with a urease layer was studied in the presence and absence of urea. In the absence of urea, UV 
light irradiation induced more than 160 mV of membrane potential change, whereas the photoresponse 
decreased with an increase in the concentration of urea in the solution. The effects of such operating 
variables as crown loading and pH and ionic strength in the aqueous phase on the potentiometric 
response were also elucidated in the presence of urea. The results were explicated using the fact that the 
local concentration on NH4+ and H+ ions changed as a result of the urease-catalyzed decomposition 
reaction of urea. 


The photochromic behavior of spiropyran derivatives has been extensively investigated in 
solutions,'.* monolayers,3 and polymer  membrane^.^ We have engaged in developing 
spiropyran compounds as a photosensitive component to regulate such chemical and physical 
properties of artificial membranes as ionic permeability and membrane potential. It has been 
reported that the membrane potential changes when the polymer membranes containing 
spiropyran derivatives are photoirradiated.>" In the course of our study on the photoinduced 
potentiometric response of the poly(viny1 chloride) (PVC) membranes doped with 
l'-hexadecyl-3',3'-dimethyl-6-nitrospiro-[2H-l-benzopyran-2,2'-indoline] (I), the following 
were found; (1) 1 exhibits normal photochromism in the plasticized PVC membrane; (2) UV 
light irradiation of the membrane induces membrane potential change of more than 100 mV 
with a response time of 1-2 min; ( 3 )  the photoinduced potential changes arise from the change 
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in charge density on the membrane surface (i.e., surface potential change), which stems from 
the protonated form of photogenerated open-1 (a positively charged species); (4) the content 
of open form of 1 is higher on the UV-irradiated surface than that on the nonirradiated surface 
(i.e., formation of asymmetric membrane), and (5) in the case that the membrane is doped 
with ionophore, the magnitude of photoresponse depends considerably on the ionic 
concentration in the aqueous phase. 


Recently we have found that the photoresponse of the PVC/1/ nonactin membrane depends 
on the enzymatic reaction at the membrane surface.'','' The present paper reports the enzyme 
reaction-modulated photoresponse of the PVC/l/ crown ether membranes. 


EXPERIMENTAL 


Materials 


Poly(viny1 chloride) (PVC) (polymerization degree is 1,000; from Wako Co., Ltd. ,) was used 
without further purification. Di-2-ethylhexyl phthalate (DEHP), tetrahydrofuran (THF), 
urea, glutaraldehyde (GA), and crown ether (dibenzo-18-crown-6) were of extra pure reagent 
grade. Urease and bovine serum albumin (BSA) were purchased from Sigma Co. The 
synthetic procedure and anlyatical data of 1 were reported e1~ewhere. l~ 


Preparation of membrane 
A PVC/l/crown ether membrane was prepared by pouring the mixture of PVC (250 mg), 
DEHP (0.5 ml), 1 (30 mg), an appropriate amount of crown ether, and THF (20 ml) onto a flat 
Petri dish (8.5 cm diameter) and allowing the solution to evaporate. The thickness of the 
membrane thus prepared was ca. 0.15 mm. After the membrane had been glued to the top of a 
glass tube (see Figure l), the surface of the PVC membrane was coated with an enzyme layer 
by pouring a mixture of an equal amount of 10% urease solution, 10% BSA solution, and 8% 
GA. Thus a thin layer (10 pm or less) of the immobilized enzyme formed on the PVC 
membrane. The enzyme layer was covered with a nylon mesh for improving surface adhesion. 


Membrane potential measurement. 


A U-shaped glass cell (Figure 1) was used for all measurement at 25°C. The effective 
membrane area of the cell was 0-78 cm'. The C2 side solution was stirred gently. The electrode 
in the C, solution was earthed. The composition of the electrochemical cell for the membrane 


Figure 1. Schematic illustration of the cell for membrane potential measurement. a:potentiomctcr, b;Ag/AgCI 
electrode, c;PVC/l/crown ether membrane, d;ureasc layer 
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potential measurement was as follows; Ag/AgCI I 0 . 1 ~  (CH3)4NCI 1 electrolyte solution 
(C,) I PVChlcrown ether membrane I enzyme layer I urea solution ('2,) I O . ~ M ( C H ~ ) ~ N C I  1 
Ag/AgCI. The pH of the solutions was regulated with a modified Britton-Robinson buffer 
(LiOH was used in place of NaOH). Before use the membrane was conditioned for cu. 15 h 
by soaking it in the buffer under dark conditions. The light source was a 500 W xenon lamp, 
and cut-off filters Toshiba UVD-35 and 0-55 were used for isolating UV (320 nm<h<400 nm) 
and visible(h>550 nm) light, respectively. Noise level was cu. + I  mV in the present experi- 
mental conditions. 


RESULTS AND DISCUSSION 


It is well established that the photochromic behavior of spiropyran derivatives is highly 
sensitive to the environmental conditions such as polarity of solvent and viscosity of medium, 
etc.'s2' Figure 2 shows absorption spectra of the PVC/l/crown ether membrane before and 
after UV light irradiation. The membrane exhibited no  absorption maximum in the range of 
400 nm <A before irradiation. Upon exposing the membrane to UV light, the membrane 
turned purple within 1-2 min and an absorption maximum appeared at 564 nm, confirming the 
formation of open-I . I4 The original transparent membrane was recovered within 30 sec 
under visible light irradiation. The coloration/decoloration was reversible. These results show 
that the photochromic behaviour of the PVC/l/crown ether membrane resembles that of the 
PVC/1 n~ernbrane, '~ suggesting no undesirable effect of crown ether on the photochromism of 1. 


1 
h / n m  


Figure 2. Absorption spectra of PVC/l/crown cthcr membrane bcforc (---) and after (-) UV light irradiation 


Potentiometric properties of the PVC/l/crown ether membrane without an enzyme layer 
were studied under photoirradiation. Figure 3 shows a typical potential change of the 
membrane induced by UV and visible light irradiation. UV light irradiation induced cu. -160 
mV of negative shift in membrane potential [A(A@) = 160 mV], and the potential was 
reversibly recovered to the original value by visible light irradiation. The photoresponse of the 
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0 I0 20 
Time / min 


Figurc 3. A typical photoresponse of PVCllicrown cthcr mcmhranc in  5 r n M  huffcr at pH 7.0. 
Crown ether contcnt: 0.77 wlw% 


membrane can be explained by the same mechanisms as for the PVC/1 membranes without 
crown ether; A surface potential change at the membraneisolution interface, associated with 
the photoinduced electrically positive charges arising from the protonated form of open-I . l 4  


Figures 4 and 5 show the effects of pH and NH4CI concentration on the magnitude of 
photoinduced membrane potential. Photoresponse of the PVC/I/ crown ether membrane 
considerably depended on the pH of the aqueous phase (Figure 4). The A(A@) exhibited high 
values in neutral and slightly acidic regions and was suppressed in alkaline pH. The pH 
dependence of the A ( A 4 )  value seems to reflect the protonation equilibrium at the membrane 
surface between the open-1 and its protonated form. The protonated form of I contributes to 
the change in surface potential, while the open-I itself does not because of its electrical 
neutrality. 


2oo------ 


Figure 4. Effects of pH on the magnitudc of photoinduced rncrnbranc potential changc in 5 rnM huffcr. 
Crown cthcr contcnt: 0.77 w/w% 


The concentration of NH4+ ion is another factor which affects the magnitude of A ( A 4 )  
value. Figure 5 clearly reveals that the higher concentration of NH4+ ion inhibits a high 
response in A(A4) .  This behaviour can be explained by the same idea that was applied for 
analyzing the results for the photoresponse of the PVC/l/valinomycin and the PVC/l/nonactin 
membranes in the presence of K+ and NH4' ions, re~pectively.'"'~ The idea is that the 
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Figure 5. Effects of NH4CI concentration on  thc photoinduced membrane potential change in 5 mM huffcr at pH 7 4 .  
Crown ether content; 0.77 w/w% 


Figure 6. Effects of crown cthcr contcnt on the A(A4)  valuc of the urcasc-modified membranes in the presence of 
1 0  +--I M urea. Crown ether contcnt; 0.06 (--EL-), 0.13 (+),and (1.77 w/w% (a). 1 mM huffcr (pH 7 4 )  was 


used 


specific adsorption of NH4+ ion on the membrane surface inhibited in part the generation of 
photoinduced potential change, since the crown ether used is a strong binder for NH4+ ion.22 
It should be noted here that the A(A+) value can be regulated by pH and NH4+ ion 
concentration in the solution. 


The above results stimulated us to construct a membrane system in which the photoresponse 
in membrane potential can be regulated by enzymatic reaction at the membrane surface. We 
coupled the PVClllcrown ether membrane with urease, which decomposes urea to ammonia 
and carbon dioxide with the consumption of H +  ion. 


(NH2)2C0 + 2H20 + H+ 2NH4+ + HC03- 


The photoinduced potentiometric response of the urease-modified PVC/l/crown ether 
membrane was similar to that of urease-free membranes shown in Figure 3, except that the 
membrane potential changed upon addition of urea in the C2 side solution and that the A(A@) 
value was dependent on the urea concentration in the solution. Figure 6 shows the A(A@) 
values of the urease-modified membranes with various crown ether contents. Below M 
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Figure 7.  The pH dependence of the photoresponse of the urease-modified PVCAllcrown ether membrane in the 
presence of urea. The pH of the solution; 5.0 (-), 6.0 (A), 7 4  (-EL), 8.0 (M) 9.0 (-A-), and 1 0  


(-A-). 1 m M  buffer wax used. Crown ether content; 0.77 w/w% 


urea, the A(A@) values read 135-145 mV for all membranes, while the photoresponse was 
suppressed by increasing the concentration of urea. The effect of enzymatic reaction on the 
A(A@) value was more significant in the membrane with higher crown ether loading, showing 
the essential role of crown ether. It is evident that the changes in the local concentrations of 
Hf and NH4+ ions are due to the origin of the enzymatic reaction-dependent photoresponse. 


The catalytic activity of enzymes is usually sensitive to ambient pH. Additionally, in the 
present system, the A(A@) value of the PVC membrane depended on the pH of the solution as 
shown in Figure 4. For these reasons, we checked the effects of pH on the photoresponse of 
the urease-modified PVC/l/crown ether membrane over the range of pH 5.0-10 (Figure 7). In  
pH 5.0-8.0, the A(A@) values normally depended on the concentration of urea. However, the 
dependence of A(A@) value on the urea concentration disappeared in the media of pH 9.0 and 
10. The reasons for this may be that the immobilized urease loses its catalytic activity in  pH 9.0 
and 10 and that the magnitude of A(A@) of the PVC/l/crown ether membrane itself reduces in 
alkaline pH region. 


6 5 4 3 2 1 0  
-Log ([urea] 1 M 1 


Figure 8. Effects of buffer capacity on the photoresponse of the urcase-modified PVCillcrown ether membrane in thc 
presence of urea. The concentration of buffer; 1 (-A&-), 5 (a), 40 (-O-), and 100 mM (-B-). The pH was 


constant at 7 4 .  Crown ether content : (1.77 w/w% 
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Figure 8 shows how the A(A4) depends upon the buffer capacity in the presence of IO-''-l M 


urea. When the buffer capacity was higher, the A(A+) value depended upon the concentration 
of urea to much less extent. In  100 mM buffer, the photoresponse was practically independent 
of the urea concentration. These results clearly suggest the significant role of the local pH 
changes at the membrane surface in determining the magnitude of photoresponse. 


CONCLUSIONS 


The photoinduced potentiometric response of the PVCfli crown ether membrane modified 
with ureas was considerable, dependent on the concentration of urea in the solution. The 
results originated from the local concentration changes of Hf and NH4+ ions produced by the 
decomposition reaction of urea catalyzed by urease. 
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ABSTRACT 


The reaction of sulfur ylides with elemental sulfur or selenium initially affords thio- o r  aeleno-carbonyl 
compounds, which then react with starting ylides to give episulfides or episelenides from which the 
heteroatom (sulfur or selenium) is extruded to give olefins as the final product. In the case of 
carbonyl-stabilized ylides, the resulting thio- or seleno-carbonyl compounds react with starting ylides to  
afford 1.3-oxathioles or 1.3-oxaselenoles as previously reported. Supporting evidence for the 
intermediacy of thio(se1eno)-carbonyl compounds and episulfides (episelenides) is presented. 


We have recently reported that carbonyl-stabilized sulfur ylides (1) react with elemental sulfur 
and selenium to afford 1,3-oxathiole and 1,3-oxaselenole derivatives (3), respectively, in good 
yields.' The mechanism proposed by us involves the initial formation of a-0x0 thio- or 
seleno-carbonyl compounds (2) as intermediates, which then react with starting ylides to give 
the final products 3. Indeed, when the reaction of ylides 1 with selcnium was carried out in the 
presence of a 1,3-diene, the resulting seleno-carbonyl compounds 2 (X = Se) could be 
effectively trapped by Diels-Alder reaction to give selenium-containing heterocyclic 
compounds (4).2 We have now applied the reaction to othcr ylides to  know more about its 
scope and mechanism. 
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Heating dimethylsulfonium dicyanomethylide (Sa) with sulfur (1.5 equiv.) in refluxing 
o-dichlorobenzene for 1.5 h unexpectedly afforded tetracyanoethylene (6a) with elimination of 
dimethyl sulfide (run 1 in Table 1). Since any products containing sulfur were not formed, the 
net result of the above transformation is a sulfur-catalyzed olefin-forming reaction from the 
ylide. Actually the use of a catalytic amount of sulfur (0.1 equiv.) effected this conversion 
quantitatively (run 2). The thermolysis of 5a carried out under the same conditions, but in the 
absence of sulfur, gave only 12% of 6a along with other products with recovery of 57% of the 
ylide (run 3).3 In these cases the yield of 6a was estimated by determining the intensity of the 
charge transfer band between 6a and o-dichlorobenzene which occurs at  380 nm, since the 
volatile and sublirnative nature of 6s made its isolation difficult. However, when the reaction 
was carried out without solvent in a sublimation apparatus under reduced pressure, 6a was 
easily isolated by sublimation nearly quantitatively regardless of the amount of sulfur used 
(runs 4 and 5). 


Elemental selenium also effects this conversion (runs 6-9). In this case the use of a catalytic 
amount of selenium without solvent gives the decreased yield (64%) of 6a probably because 
selenium cannot work effectively whilst the system is heterogeneous (run 9). 


+ 5  


-Ye$ 
* S or Se 


h e a t  
SMe2 


D1 D l  


+ 5  


-Ye$ 
* S or Se 


h e a t  


1 2  1 2  1 2 
2 a: R =R =CN, b: R =R =CO Et, c: R =C02Et ,  R =H 


- 9  10 


Heating the ylide 5b with sulfur (1.5 equiv.) in refluxing o-chlorotoluene for 4 h afforded the 
olefin 6b quantitatively. Selenium (1.5 equiv.) brought about the same conversion 
quantitatively in refluxing o-chlorotoluene for 2 h. The ylide 5c, when heated with selenium 
(1-5 equiv.) in refluxing chloroform for 3 h, gave the olefin 6c in 92% yield ( E : Z  = 2.3: l) .* 


The mechanism we propose for this olefin-forming reaction again involves the initial 
formation of thio- or seleno-carbonyl compounds 7. Compounds 7 then react with starting 
ylides 5 to give episulfides or episelenides 8. The formation of 8 is analogous to that of 
epoxides by reaction . of carbonyl compounds with sulfur y l i d e ~ . ~  These three-membered 
heterocycles thus formed would be unstable under the conditions and eliminate sulfur or 


*The reaction of 5c with sulfur affords a complex mixture containing 2,3-bis(ethoxycarbonyl)thiirane 
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Table 1. Sulfur(se1eniurn)-catalyzed decomposition of dimethylsulfonium dicyanomethylide yielding 
tetracyanoethylene (TCNE) 


yield of TCNE 
run additive (equiv.) solvent temperature time (h) (%) 


sulfur (1.5) 
sulfur (0.1) 
none 
sulfur (1.5) 
sulfur (0.1) 
selenium (1 .S) 
selenium (0.1) 
selenium (1.5) 
selenium (0.1) 


o-dichlorobenzene 
o-dichlorobenzene 
o-dichlorobenzene 
none 
none 
o-dichloro benzene 
o-dichlorobenzene 
none 
none 


reflux 
reflux 
reflux 
130 "C 
120°C 
reflux 
reflux 
110°C 
110°C 


"The ylide (57%) was recovered along with a few unidentified products. 
hA small amount of the ylide was recovered along with unidentified products. 


1 .5 - 100 
1.5 - 100 
1.5 12'' 
0.5 99 
0.7 - loo 
0.5 99 
1.0 99 
0.5 92 
3.0 64h 


selenium to give the olefins. The proposed intermediates, seleno-carbonyl compounds 7 (X = 
Se), could be satisfactorily trapped by Diels-Alder reaction, when the reaction was carried out 
in the presence of a 1,3-diene. Thus, heating the ylide 5b with selenium in the presence of 
dicyclopentadiene in refluxing o-dichlorobenzene gave the Diels-Alder adduct 9 (adduct of 
the corresponding seleno-carbonyl compound with cyclopentadiene formed in situ by thermal 
dissociation of dicyclopentadiene) in 78% yield. The reaction of the ylide 5c with selenium in 
the presence of 2,3-dimethyl-l,3-butadiene in refluxing chloroform gave the adduct 10 in 26% 
yield. 


Supporting evidence for the intermediacy of episulfides (episelenides) comes from the 
following observations. The reaction of the ylide 5d with sulfur (1.5 equiv.) in methylene 
chloride at room temperature for 1.5h affords the episulfide l l a  (67%) along with 
bifluorenylidene 12 (26%).' Meanwhile, the reaction of 5d with selenium under similar 
conditions yields 12 (77%) exclusively, thus providing a convenient synthesis of 12. The 
isolation of l l a  provides direct evidence for the intermediacy of episulfides. Episelenides are 
more labile than the corresponding episulfides. (The first synthesis of an isolable episelenide 
has recently appeared.6) This is probably responsible for the failure of the isolation of the 
episelenide l l b  


X = S l l a  (67%) 12 (26%) 


X = Se l l b  ( 0%) (77%) 


The reaction of the ylide 5e, which was generated in situ by treatment of the sulfoniurn salt 
13 with potassium t-butoxide, with sulfur (1.5 equiv.) in toluene at room temperature affords 
thiobenzophenone (7%) and three sulfides 14 (lo%), 15 (15%), and 16 (32%). The formation 
of thiobenzophenone provides supporting evidence for the intermediacy of thio-carbonyl 
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compounds in the foregoing olefin-forming reaction. The  sulfide 15 is the product of 
Sommelet-Hauser rearrangement of the ylide Se' which was formed from Se by hydrogen 
transfer,' while 14 might be formed from 5e' by loss of methylene. Of particular interest is the 
formation of 16 which corresponds t o  the ene  reaction product of thiobenzophenone with the 
exo-methylene compound 17 which is the intermediate of the Somrnelet-Hauser rearrange- 
ment of 5e' to 15. In  fact, the  reaction of the ylide 5e with thiobenzophenone in toluene at 
room temperature gave the sulfide 16 (19%) along with 14 and 15. To our  knowledgc this is 
the first example that the non-aromatized intermediate of Sommelet-Hauser rearrangement 
could be chemically trapped. (The exo-methylene compounds are stable enough to isolate 
when the allylic hydrogen is replaced by an alkyl group.') 


t-BuOK 


I 14 CH3 
Ph 


I 10% 


dH CH2SCH3 - 
17 


& CHzSCH3 


15 
H Ph 15% 


l 6  3 2 %  


It is thus concluded that the reaction of sulfur ylides with sulfur or  selenium initially affords 
thio- o r  seleno-carbonyl compounds, which then react with starting ylides usually to give 
episulfides o r  episelenides from which the heteroatom (sulfur or selenium) is extruded to give 
olefins,' while, in the case of carbonyl-stabilized ylides, the resulting thio- o r  seleno-carbonyl 
compounds react with starting ylides to  give 1,3-oxathioles or 1,3-oxaselenoles. 
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FUSED 172,3-SELENADIAZOLE. 


WATARU ANDO,* YORlO KUMAMOTO AND NORIHIRO TOKITOH 
Departmen! of Chemistry. The University of Tsukuho. Tsukuho 305, Jopun 


ABSTRACT 


Light- and heat-induced decompositions and reactions with nucleophiles of 6,6,8,8-tetramethyl-2-selena- 
3,4-diaza-7-oxabicyclo~3.3.0]octa-1(5),3-diene have been studied. In contrast with the conversion to the 
cyclopentyne derivative (9) .  selenium containing intermediates (6a. 6b. and 7) were efficiently trapped 
using several reagents to give various kinds of organoselcnium compounds. Of particular note is the 
isolation of a stable selenirane derivative (16) obtained by the cycloaddition of the photochemically 
generated selenirene intermediate (7) with furan. The character and reactivity of the intermediates are 
also discussed. 


INTRODUCTION 


The 1,2,3-selenadiazole ring system (1) has been widely applied to the synthesis of alkynes.’ 
Recent years have seen great interest in the reaction of 1,2,3-selenadiazoles from the 
viewpoint of a facile formation of reactive intermediates containing a selenium atom such as 
selenirene (2), diradical (3), and selenoketene (4), which are expected to be useful synthetic 
blocks for organoselenium compounds.2 


Although the pyrolysis and photolysis of some 1,2,3-~elenadiazoles have been well 
investigated for the purpose of the generation and matrix isolation’ of selenirene (2) and 
selenoketene (4), little is known concerning their character and reactivity in their 
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intermolecular The difficulty of the formation and trapping of 2 and 4 is due to 
their tendency to decompose to selenium and alkynes, as generally known for monocyclic 
1,2,3-~elenadiazoles. In contrast, the reaction of the 1,2,3-~elenadiazoles fused to a less than 
&membered ring gives 1,4-diselenin derivatives as major products instead of the strained 
cycloalkynes.s Therefore, one could use a fused 1,2,3-selenadiazole with a 5-membered ring to 
study reactive organoselenium species (6, 7,  and 8). In addition, steric protection is effective 
for stabilizing not only the highly reactive moiety but also the reaction products as described in 
a number of successful, recent works which isolate rather unstable species by the assistance of 
bulky groups.6 


Consequently, here we prepared a sterically protected bicyclic I ,2,3-selenadiazole (5) and 
studies its light- and heat-induced decompositions7 and its reactions with nucleophiles.' 
Among the expected species (6-9), the zwitterion intermediate (6a) was formed in the 
thermolysis and the photolysis of 5 with light of h = 365 nm, while the photolysis of 5 with light 
of h = 254 nm generated selenirene (7) and diradical (6b). The reactions of 5 with nucleophiles 
afforded the vinylselenide derivatives via the attack of the nucleophile on the selenium atom. 
In no case were products found which derived from the selenoketene (8) or cyclopentyne (9). 


RESULTS AND DISCUSSION 


Photolysis of 1,2,3-selenadiazole (5) with light of h = 365 nm 


When the 1,2,3-seIenadiazole (5) was photolyzed in acrylonitrile through a pyrex vessel by a 
medium pressure mercury lamp at room temperature, nitrogen gas was evolved for 5 hours. 
Colorless crystalline dihydroselenole (loa) was isolated in 94% yield by column 
chromatographic separation with satisfactory spectral data. Similar adducts ( lobe)  were 
obtained in  the reactions with electronically activated olefins and strained olefins as shown in 
Table 1 ,  while 1,Cdiselenin (11) was formed in a high yield in the absence of any trapping 
reagents. 


The regiospecificity in the cycloaddition reaction with asymmetric olefins indicated that the 
intermediate here formed was a zwitterionic one (6a) in contrast with a well-documented 
diradical (6b).' Under the above reaction conditions no derivative of the selenirene (7) or the 
selenoketene (8) were obtained. 


trapping 
reagent 


cyc loadd uc t 
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Table 1.  Photolysis of the 1,2,3-seIenadiazole (5) with light of I. = 365 nrn 


Products and Y i e l d s  Trapping 


Reagent 
Run 


7 


4CN 
- 10a. 94% 


l o b ,  87% ___ 
JCoZNe 


0 


8 63 


* 11. 
~ 1Oc. 70% 12% 


11 t -' oh ~ 10d. 27% 65% 


11 + -' 
10e. 33% 61% __ 


0 e, @ e. 
o& e, t -  11 


11% 7% 


2% 39% 


11 + -' 
O b C H O  12, 18% 4 0 %  
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In contrast, the photochemical reaction with thiopene and furan gave characteristic and 
interesting products. Thiophene gave three isomeric addition products, i.e. [4+3] adduct (12a) 
and [2+3] adducts (12b and 12c). 12a slowly isomerized into 12b at room temperature in 
chloroform, probably to release the ring strain. On the other hand, furan gave a bicyclic 
aldehyde (13) via the initial [4+3] cycloadduct (14), followed by the electrocyclic ring 
transformation through the conjugated selone (15). 


- 6a - 0 o@ -0 @ C H I  - 0  F C H O  


- 14 - 1 5  1 3  - 


Photolysis of 1,2,3-selenadiazole (5) with light of h = 254nm 


Selenirene (2) has been of special interest as a type of antiaromatic 3-membered 
heterocycles. ") However, no example is known of chemical trapping evidence retaining the 
3-membered ring structure. We have succeeded in the trapping of the selenirene (7) by the 
photolysis of 5 in furan with light of h = 254 nm to give selenirane (16, 12%), a cycloadduct of 
the selenirene (7) as a single stereoisomer along with the diselenide (17a, 41%) and the 
aldehyde (13, 11 %). 


The structure of the furan adduct (16), the first example of a stable selenirane, was confirmed 
by the symmetry of the NMR spectrum and high resolution mass spectra, and the chemical 
proof in the facile reaction with tris(dimethy1amino)phosphine in chloroform at room 
temperature to give the corresponding deselenated product (18) quantitatively accompanied 
with tris(dimethy1amino)phosphine selenide. The selenirane (16) is stable in benzene at room 
temperature and decomposes to a polymeric product with a little bit of acid. 


CHC13. r.t. 


16 - 
quant. 


18 - 
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In the reaction with 2,S-dimethylfuran, none of the Diels-Alder type adduct of selenirene (7) 
was found, and only the hydrogen abstraction products (17b, 14% and 17c, 20%) of the radical 
intermediate (6b) were obtained. The high reactivity of (6b) toward the alkyl C-H bond was 
ascertained by the reaction with hexane, where the diselenide (17c) was obtained in 82% yield. 
while photolysis with light of h = 365nm in hexane or 2,5-dimethylfuran gave only 
1,4-diselenin ( I  I ) .  These results imply that the selenirene (7) and the diradical (6b) coexist as 
intermediates in the photolysis of 5 with light of h = 2S4nm. 


The analogous 1,2,3-thiadiazole (19)," which was inert to light of h = 36Snm, was 
irradiated similarly by the low pressure mercury lamp ( h  = 254nm) in either furan or 
2,5-dimethylfuran to give the Diels-Alder type adducts (20a. 1 1  %) and (20b, 12%) along with 
diradical adducts (~OC,  30%) and (20d, 22%), respectively. 


19  - 
X=254nm I 63 
I 


+ 


+ 


Thermolysis of 1,2,3-selenadiazole (5) 


Since the 1,2,3-selenadiazole (5 )  has a weakened Se-N bond due to the strained bicyclic 
structure, it decomposed thermally at relatively low temperature, cu. 75 "C, with evolution of 
nitrogen gas. Refluxing of 5 in benzene for 24 hours afforded the 1,4-diselenin (1 1) almost 


Scheme 1 


6a __ 
ph -Se=CPh2 


2 4  


-N2 


- 


2 N2CPh 
0 @ 


P Ph 2 2  - 
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Table 2. Thermolysis of the 1.2,3-selenadiazole (5 )  


Products and Y i e l d s  Run T r a p p i n g  R e a c t  ion  


R e a g e n t s  C o n d i t i o n s  


CH = c n c N  I I ' C .  48h 10a. 85% 


CH =CHCO M e  86"C, 12h lob, 91% 


2 2 


3 2 2 


4 m 220"c,  5m 


~ 


1 0 f ,  + 11, 
26% 30% 


70% 


a- 
5 8O"C, 24h 


Ph 


s 10h, 


15% 


9 0 ° C .  24h 6 cs2 


7 PhNCS 9 O " C ,  12h 


3, + g ,  
31% 65% 


8 0 ° C .  24h 0V:q 
10k, + 11, 
22% 13% 


~ 


9 8 0 ° C .  24h 


quantitatively and neither the selenoketene (8) nor its dimer, 1,3-diselenetane derivative, 
were formed. The thermolysis of the 1,2,3-selenadiazole ( 5 )  in the presence of several olefins 
and thiocarbonyl compounds afforded the corresponding dihydroselenole (10a and lob) and 
i,3-thiaselenole derivatives (log-i) regiospecifically as shown in Table 2. 


The regiospecific formation of olefin adducts (10a,b) suggests that the intermediate here 
formed was the same zwitterionic species (6a) as with the photolysis with light of h = 365 nm. 
The formation of the 1,3-thiaselenoles (log-i) might be interpreted with the thiophilic attack 
of the intermediate (6a) which behaves as a soft nucleophile. Similar reactions also occurred 
with some thiiranes to give the dihydro-1 ,Qthiaselenin derivatives ( l O j  and 10k). Treatment of 
5 in the presence of an excess of diphenyldiazomethane at 80 "C afforded the three products 
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(21, 22, and 23). Of particular note is that 21 has two selenium atoms while 22 and 23 involve 
no selenium atom, but nitrogen instead. According to the susceptible generation of 
selenobenzophenone, we would propose a possible mechanism as shown in Scheme 1. 


One would expect that the zwitterionic intermediate (6a) initially formed reacted with 
diphenyldiazomethane to give selenete (24) with the extraction of nitrogen. 24 was subjected 
to the attack of diphenylcarbene formed in these thermal conditions and the succeeding 
elimination of selenobenzophenone gave the strained cyclopropene (25), and the 
1,3-diselenole (21) was formed by the addition of selenobenzophenone with the intermediate 
(6a). The formation of 22 and 23 can be well explained with the ring transformation of the 
[2+3]  adduct (26) of the strained cyclopropene (25) with an excess of diphenyldiazomethane. 


Reaction of 1,2,3-~elenadiazole (5) with nucleophiles 


In contrast to the active research on the photolysis and thermolysis of 1,2,3-selenadiazoles 
little has been reported for the reaction with nucleophiles. Meier et al. reported the reaction of 


Table 3. Reaction of the 1,2,3-selenadiazole (5) with nucleophiles 


Products and Yields R e a c t  ion  Run Nucleophiles 
Conditions 


1 B u L i / H 2 0  -70°C.  30m 


2 P (  OMe 1 50°C.  24h 


3 P( OEt 1 50°C,36h 


4 Ph-SH r . t . ,  12h 


5 PhSSPh 60°C.48h 


6 MeSSMe 60"C, 24h 
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cycloalkeno- 1,2,3-~elenadiazoles with butyllithium to afford the corresponding cycloalkyne or 
butyl selenide derivatives via the nucleophilic attack of butyl anion on the selenium atom 
followed by the extraction of nitrogen.I2 According to the notorious instability of 
cyclopentyne, selenium atom might be expected to be preserved in the reaction of the 
1,2,3-selenadiazole ( 5 )  with nucleophiles. 


Treatment of a tetrahydrofuran solution of 5 with an equimolar amount of butyllithium at 
-70°C gave the butyl selenide (27a) in 53% yield. This type of reaction is general in the 
reaction with rather soft nucleophiles and proceeded readily below the decomposition 
temperature of 5 to give the corresponding vinyl selenide derivatives (27) as shown in Table 3. 
These reactions can be rationalized by the initial attack of the nucleophile on the selenium 
atom leading to the zwitterion (28) followed by the loss of nitrogen and intramolecular 
nucleophilic attack of alkenyl anion (29). 


In addition, a treatment of 5 with diphenylcyclopropenethione afforded a novel 7-membered 
heterocycle (30) as a result of intramolecular cyclization of the initially formed nitrogen 
containing intermediate (31). 


30 5 31 - - - 


Summary 


New types of reactions of the 1,2,3-selenadiazole were found using a sterically protected 
bicyclic system resulting in a novel formation of various organoselenium compounds including 
the first isolation of a stable selenirane derivative (16). The results reported here shed light on 
the unique and interesting character of selenium containing reactive intermediates (6a, 6b, and 
7). I t  is clear that the selenoketene (8) and the cyclopentyne (9) are not involved in the 
reaction of the 5-membered ring fused 1,2,3-selenadiamle (5 ) .  Thc facility and regiospecificity 
of the photochemical and thermal cycloaddition reactions of 5 with olefins provides a new 
approach to synthesizing organoselenium compounds. 


EXPERIMENTAL SECT1 ON 


Melting points were taken with a Yanaco micro melting point apparatus and are uncorrected. 
IR spectra were obtained on a Hitachi 260-50 infrared spectrometer. 'H-NMR spectra were 
recorded with a JEOL FX-100 spectrometer and "C-NMR spectra were recorded with a 
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JEOL FX-90Q spectrometer; Chemical shifts (6) are shown in part par million downfield from 
internal tetramethylsilane. Mass spectra were measured on a Hitachi RMU-6M mass 
spectrometer. High resolution mass spectra were measured on a JEOL JMS-D300 mass 
spectrometer. Elemental analyses were determined by our own analysis group. 


Preparation of 6,6,8,8-tetrumethyl-2-selena-3,4-diaza- 7-oxubicyclo/3.2.O]octa-I (5),3-diene (5) 


A mixture of 2,2,5,5-tetramethyldihydrofuran-3-one (15-2 g, 0.1 mol), semicarbazide hydroch- 
loride (1 1.2g, 0-1 mol), and triethylamine (10.1 g. 0.1 mol) in 30ml of ethanol with 1 ml of 
boron trifluoride etherate as catalyst was refluxed for 24 hours. The reaction mixture was 
cooled and filtered. The residue was dissolved in 100 ml of acetonitrile and to the solution was 
added selenium dioxide (22.2g, 0-2mol) and the mixture was stirred for 3 days at room 
temperature. After filtration, the filtrate was evaporated and submitted to silica gel column 
chromatography (Merck Kieselgel 60; eluent dichloromethane) to afford 1,2,3-selenadiazole 
in 60-70% yield: colorless crystals, mp. 71-72 "C, 'H-NMR(CDCI3) 6 1*69(s,6H) 1.62(s,hH), 
"C-NMR(CDCI3) 6 171-6(s) 165.6(s) 81.2(s) 713.4 (s) 31.7(q) 29-9(q). E.A. Found C,41.62; 
H,5-24; N,12.07% (Calculated for CXHl2N20Se C,41.56; H,S.23; N,12.11%). UV(Me0H) 
293nm(~  = 1440), 2 1 8 n m ( ~  = 10000). 


Photolysis of 5 with light of h = 265 nm 


The procedure with acrylonitrile is typical. 


3-Cyuno-6,6,8,C1-tetrumethyl-2-selenu-7-oxahicyc[o/3.~~.O~out-l(5)-ene (IOa) The 1,2,3- 
selenadiazole (5,231 mg, 1 mmol) dissolved in 3 ml of acrylonitrile was irradiated using a pyrex 
vessel by a medium pressure mercury lamp (Riken 400W) through a filter solution 
(phenanthrenelmethanol, 5 gi1000 ml) at room temperature. The irradiation induced nitrogen 
evolution which ceased in about 5 hours. Then the  mixture was evaporated and the residue 
was submitted to column chromatography (silica gelidichloromethane) to afford a single 
adduct as colorless crystals in 94% yield. A sample further purified by recrystallization from 
hexane had mp 53.5-54-5 "C; 'H-NMR(CDCI3) 6 4.71(dd,J = 7Hz, 8Hz, 1H) 2.87(d,J = 8Hz, 
1 H) 2.84(d.J = ~ H z ,  1H) 1.40(~,3H) 1.36(~,3Hx2) 1.39(~,3H), "C-NMR(CDCI?) 6 141*8(~) 
1384(s) 120-3(s) 84.6(s) 84.2(s) 77.3(d) 35.2(t) 29.2(qX2) 28-4(qx2). IR(NaC1) 2240(CrN) 
cm-l. MS, mlz 257 [Mf]. HRMS, miz Found 257.0303 (Calculated for ClIH15NOSe 
257-0318). 


The photolyses of 5 in the presence of other trapping reagents listed in Table 1 were carried 
out in a similar way. The spectral data of the products (lob-10e, and 11) are as follows. 


3-Methoxycarbonyl-6,6,8,8-tetramethyl-2-~selena-7-oxabicyc10/3.3.O~oct-l(S)-ene (lob) Color- 
less crystals, mp 56-57"C, 'H-NMR(CDC13) 6 5.03(dd, J=6Hz, 9Hz, 1H) 3.76(s,3H) 
3*00(dd, J=6Hz, 16Hz, 1H) 2*72(dd, J = 9Hz, 16Hz, 1H) 1.36(~,3HX3) 1*33(~,3H), 
I3C-NMR(CDC13) 6 173-2(~)  143-3(~) 135*9(~) 84-7(~)  84*l(s) 52*6(q) 47-5(d) 31*7(t) 
29.3(q) 29.l(q) 28.4(q) 28*3(q). IR(NaC1) 1725(C=O) cm-'. E.A. Found C,49.69; H,6-32% 
(Calculated for CI2HIxO3Se C,49-83; H,6.27%). MS, mlz 290 [Mf]. HRMS, mlz Found 
290-0406 (Calculated for Cl2HIxO3Se 290-0419). 
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4,4,6,6-Tetramethyl-2-selena-5-oxatricycl0~6.3.O.d~~]undeca-3(7),IO-diene (IOc) Colorless 
oil, 'H-NMR(CDCI3) 6 5-7-5.9(m,3H) 3.4-3.6(m,lH) 2.5-2.7(m,2Hj 1.37(s,3Hx2)) 


46.8(d) 37.9(t) 29-5(q) 29*4(q) 29.2(q) 28.8 (9). MS, mlz 270 [M+]. HRMS, mlz Found 
270.0562 (Calculated for CI3HlxOSe 2704522). 


1*35(~,3HX2), "C-NMR(CDC13) 6 144.4(~) 137*4(~) 132.2(d) 130*9(d) 84*8(~) 83-6(~) 62.8(d) 


5,5,7,7- Tetramethyl-3-selena-6-oxa-tetracyclo[8.2. I. d.Y.04*X]tridec-4(8)-ene (IOd) Colorless 
oil, 'H-NMR(CDCI3) 8 4.45(dd, J = 8Hz,2Hz,lH) 2-79(dd, J = 8Hz,lHz,lH) 2-3-2.4(m,2H) 
1 ~9-2.1 (m,l H) 1-1-1 -8(m,5H) 1,36(s,3H x2) 1*33(s,3H) 1-31 (s,3H), l3C-NMR(CDCI3) 6 


29.6(q) 28.9(t) 28.6(q). HRMS, mlz Found 298.0823 (Calculated for C1SH220Se 298-0833). 
144*3(~) 140*3(~) 84*7(~) 83.2(~) 59*7(d) 54*2(d) 45*5(d) 41.5(d) 33-3( t~2)  30-0(q) 29*7(q) 


5,5,7,7-Tetramethyl-3-selena-6-oxatetracyclo/g.2.1 .d,9.0",x]trideca-4(, I I -diene (ZOe) Color- 
less oil, 'H-NMR(CDC13) 6 6-0-6.2(m,2H) 4.40(dd, J=8Hz,2Hz,lH) 2-9-3-l(m,2H) 
2-84(dd, J=8Hz,lHz,lH) 24-2.2(m,lH) 1.6-1-8(m,lH) 1-40(s,3H) 1-36(s,3Hx2) 1.34(s,3H), 


50.3(d) 43-l(t) 29-8(q) 29-l(q) 29.0(q) 28.4(q). HRMS, m/z Found 2964704 (Calcu- 
lated for CI5HzoOSe 296.0679). 


"C-NMR(CDC13) 8 141-8(~) 141.2(~) 137.8(d) 136.3(d) 84.9(~) 83-2(~) 56*9(d) 50*5(d) 


4,4,6,6,10,10,12,12- Octamethyl-5,II- dioxa -2,8- diselenatricycl0/7.3.0.d~~]dodeca -1 (9),3(7) - 
diene (11) Colorless crystals, mp 172-174"C, 'H-NMR(CDCI3) 6 1*37(s,24H), I3C- 
NMR(CDC13) 6 132.3(s) 88-3(s) 28-8(q). E.A. Found C,47.60; H,6.05% (Calculated for 
C hH2402Se2 C ,47-30; H 3.95%). 


4,4,6,6-Tetramethyl-2-selena-5-oxa-ll-thiatricyclo[6.2. 1.03*7]undeca-3(7), 9-diene (I2a) The 
1,2,3-selenadiazole (5, 231 mg, 1 mmol) dissolved in 3 ml of thiophene was irradiated by a 
medium pressure mercury lamp through a filter solution (phenanthrenelmethanol, 
5 g/1000 ml) at room temperature until the nitrogen gas finished evolving after about 5 hours. 
Then the mixture was evaporated and the residue was submitted to high pressure liquid 
chromatography to give three adducts (12a, 32mg, l l%),  (12b, 20mg, 7%), and (12c, 6mg, 
2%) along with 1,Cdiselenin (11, 65mg, 39%). 12a: pale yellow oil, 'H-NMR(CDCI3) 6 
6-60(d, J=6Hz,lH) 5.98(dd, J=6Hz, ~ H z ,  1H) 4-52(dd, J=SHz,3Hz,lH) 4*33(d, J=SHz,lH) 
1.5 l(s,3H) 1.46(~,3H) 1*41(~,3H) 1-31 (s,3H), '3C-NMR(CDC13) 6 137.0(~) 133-0(~) 132*8(d) 
122-5(d) 89*l(s) 88.2(~) 50-4(d) 49.2(d) 29-6(q) 29*3(q) 29*0(q) 28-8(q). 


4,4,6,6- Tetrarnethyl-2-selena-5-oxa-9-thiatricyclo/6.3.0. @7]undeca-3 (7), 1 O-diene (12b) Pale 
yellow oil, 'H-NMR(CDCI3) 6 6-40(dd, J=6Hz,lHz,lH) 6-22 (ddd, J=9Hz,3Hz,lHz,lH) 
5-70(dd, J=6Hz,3Hz,lH) 4*92(d, J=9Hz,l H) 1 *41(~,3H) 1*39(~,3H) 1*36(~,3HX2), 13C- 
NMR(CDC13) 6 142*3(~) 141-7(~) 129*2(d) 121-8(d) 84.6(~) 84.5(~) 66.6(d) 57*2(d) 29*3(q) 
29.0(q) 28*9(q) 28*5(q). 


9,9, I I, I I - Tetramethyl-2-selena-4-thia-lO-oxatricyclo~6.3.0.~~~ 7]undeca-l (8)J-diene (12c) Pale 
yellow oil, 'H-NMR(CDCI3) 6 6.53(d, J=8Hz,lH) 6.34(dd, J=6Hz,3Hz,lH) 5-62(dd, J =  
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6Hz,2Hz,lH) 4-13(ddd, J = 8Hz,3Hz,2Hz,lH) 1.38(s,3Hx4), "C-NMR(CDCl3) 6 142.2(~) 
139*7(~) 125*7(d) 121*0(d) 85.2(~) 85*l(~)  61*6(d) 29*4(q) 29-2(q) 28*9(q) 28*8(q). HRMS, 
m/z Found 288.0067 (Calculated for ClzHlhOSSe 288.0085). 


3-Formyl-7,7,9,9-tetramethyL-5-selena-8-oxabicyclo[4.3.O~nona-l(6),2-diene (13) This was 
obtained in 18% yield along with 40% yield of the 1,Cdiselenin (11) according to the 
procedure for 12 using furan as a solvent. 13 Colorless oil, IH-NMR(C,D,) 6 9-00(d, 
J=2Hz,lH) 5*81(d, J=lOHZ,lH) 4.97(dd, J=lOHz,7Hz,lH) 3-10(dd, J=7Hz,2Hz,lH) 
1*32(~,3H) 1*26(~,3H) 1-25(~,3H) 1-22(~,3H), I3C-NMR(C,D6) 6 186*9(d) 142-7(~) 137.1(~) 
126.l(d) 114*2(d) 87-6(~) 89*6(~) 42*0(d) 30-7(q) 29.6(q) 28*5(q) 27*l(q). IR(CC14) 
1715(C=O) cm-I. 


Photolysis of 1,2,3-Selenadiazole (5) with Light of h = 2S4nm with Furan 


A furan solution ( 5  ml) of the 1,2,3-selenadiazole (5, 231 mg, 1 mmol) was irradiated in a 
quartz vessel by a low pressure mercury lamp (Ushio 120W) at room temperature. After 5 
hours, the mixture was evaporated and the residual oil was submitted to high pressure liquid 
chromatography to afford the selenirane (16, 33 mg, 12%), disulfide (17a, 11 1 mg, 41 %), and 
aldehyde (13, 30 mg, 11 %). 


I ,  6-Episeleno-2,S-epoxy-7,7,9,9-tetramethyl-8-oxabicyclo/4.3.0/non-3-ene (16) Colorless oil, 
'H-NMR(CDCI3) 6 6.22(m,2H) 5.13(m,2H) 1.70(s,6H) 1.48(s,6H), "C-NMR(C,D,) 6 
135.9(d) 81-0(s) 80.3(d) 71-8(s) 31-5(q) 304(q). HRMS, m/z Found 2724323 (Calculated for 
CI2Hl6O2Se 272.03 160). 


3,3'-Bis(~,2''furyl-2,2,5,5-tetramethyl-3-oxolenyl)diselenide ( I  7a) Yellow crystals, mp 87-89 
"C. 'H-NMR(CDCI3) 6 7.4 1 (d, J=2Hz,2H) 7-05(d, J =  3Hz ,2H) 6-39(dd, J =  3Hz ,2Hz ,2H) 
1-50(~,12H) 1.40 (~,12H), "C-NMR(CDC13) 6 148-1(~) 142*2(d) 141.8(~) 128.2(~) 112-7(d) 
1 ll.3(d) 89.9(s) 87-1(s) 29-6(q) 29*4(q). HRMS, m/z Found 542.0498 (Calculated for 
C24H3004Se2 542.0473). 


S- Methylfurfury 1-2 I ,  2 ' , 5', S'-tetramethyl-3 ' -oxolen yl-3 ' -selenide (1 7b) This was obtained in 
14% yield along with diselenide (17c, 20%) according to the procedure for 16 using 
2,5-dimethylfuran as a solvent. 17b: pale yellow oil, 'H-NMR(CDCI3) 6 6*05(m, 1H) 
547(m,lH) 5.34(s,lH) 3.93(s,2H) 2.27(s,3H) 1.31(s,6H) 1-30(s,6H), "C-NMR(CDCI3) 6 


13-7(q). HRMS, mlz Found 300.0606 (Calculated for CI4HZ0O2Se 300.0586). 
151.9(~) 149*3(~) 134.9(d) 134-4(~) 108.8(d) 106.5(d) 89.7(~) 86 .4(~)  29-7(q) 29*l(q) 22*4(t) 


3,3'-Bis(2,2,5,S-tetramethyl-3-oxolenyf)diselen~de (17c) 


29-5(q) 29-4(q). HRMS, m/z Found 410-0284 (Calculated for C,hH2h02Se2 410,0263). 


Colorless oil, 'H-NMR(CDCl3) 6 
5.90(~,2H) 1.41(~,12H) 1*34(~,12H), l3C-NMR(CDCI3) 6 138-9(d) 133.4(~) 89.3(~) 85.7(~) 
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2,5-Epoxy-7,7,9,9-tetramethyl-8-oxahicyclo/4.3.Ojnona-I (6),3-diene (18) To a chloroform 
solution (0.Sml) of the selenirane (16, 27mg, 0.1 mmol) was added an excess amount of 
tris(dimethy1amino)phosphine at room temperature. After 5 minutes the mixture was 
submitted to high pressure liquid chromatography to afford the corresponding deselenated 
product quantitatively with tris(dimethy1amino)phosphine selenide. Colorless oil, 'H- 
NMR(CDC13) 6 7.16(m,2H) 5.25(m,2H) 1*48(s,6H) 1-08(s,6H), "C-NMR(CDC13) 6 163.9(s) 
143.8(d) 83.2(s) 81.3(d) 29.4(q) 25.0(q). HRMS, mlz Found 192.1146 (Calculated for 
Ci2Ht602 192.1 149). 


Photolysis of the 1,2,3-thiadiuzole (19) with light of h = 2S#nm 


I ,  6- Epithio-2,5-epoxy-7,7,9,9-rerramethyf-8-oxubicyclo/4.3.O~non-3-ene (204 This was 
obtained in the reaction of the 1,2,3-thiadiazole (19) with furan in 11% yield according to the 
procedure of 16 along with the thiol (2&, 30%). 20a: colorless crystals, mp 104-105"C, 
I H-NMR(CDCI3) 6 6.23(m,2H) 5.07(m,2H) 1.66(s,6H) 1-39(s,6H), "C-NMR(CDCI3) 6 
135*0(d) 81.5(s) 81-2(s) 66.4(s) 30-3(q) 25.8(q). HRMS, mlz Found 22448.55 (Calculated for 
CI2Hl6O2S 224.0870). E.A. Found C,64.00; H,7.16% (Calculated for CIZHlhO2S C64.25; 
H,7- 18 96). 


4,Z'- Furyl-2,2,5,5-tetramethyf-3-oxofene-3-thiol (2Oc) Colorless oil, 'H-NMR(CDC1J 6 


1-44(s,6H), "C-NMR(CDC13) 6 141.3(d) 129.0(s) 113.3(s) I l l - l (d )  109.0(d) 96.1(s) 88-2(s) 
87-4(s) 29.4(q) 28-S(q). HRMS, mlz Found 2244888 (Calculated for C,2Hr602S 2244871). 


7*45(d, J=2Hz,lH) 6-.54(d, J=3Hz,lH) 6*47(dd, J=3Hz,2Hz,lH) 3*21(s,lH) 1-53(~,6H) 


I ,  6- Epithi0-2,5-epoxy-Z, 4,7,7,9, Y-hexumethyl-8-oxahicyclo/4.3.O/non-3-ene (20b) Colorless 
crystals, mp 88-90 "C H-NMR(CDCI3) 6 6..54(s,2H) I .52(s,6H) 1.47(s,bH) 1*38(s,6H). 
"C-NMR(CDCI3) 6 142-0(d) 87.4(s) 824(s) 80.4(s) 31.7(q) 27-2(q) 16.1(q). HRMS, m/z 
Found 2.52.1185 (Calculated for CI4H2,)O2S 252.1 184). E.A. Found C,66.40; H,847C/o 
(Calculated for C14H2002S C,66-62; H,7-98%). 


1,1,3,3,6-Pentumethyl-4,2'-oxopropylthieno~Z,.~-c/dihydrofuran (20d) Colorless oil, 'H- 
NMR(CDCl3) b 3774(s,2H) 2.21(s,3H) 2+04(s,3H) 1-.52(s,6H) 1-.51(s,6H), "C-NMR(CDCI3) 6 
204*.5(~) 148.1(~) 143*3(~)  132.7(~) 127.2(~) 83-.5(~) 82*8(~)  43.4(t) 31.2(q) 29-3(q) 29*l(q) 
11*6(q). HRMS, m/z Found 252.1 184 (Calculated for CI4H2(,O2S 252-1 184). IR(NaC1) 
I~ IS(C=O)  cm-'. 


Thermolysis of 1 ,Z,_l-selenadiazofe (5) 


The procedure with thiohenzophenone is typical. 


6,6,8,8- Tetramethyl-3,3-diphenyl-2-thia-4-selenu-7-oxa~~cyclo~3.3.O]oct-l(5) -ene ( I  Og) The 
mixture of the 1,2,3-selenadiazole (5, 231 mg, 1 mmol) and thiobenzophenone (400mg, 
2mmol) was heated at 80°C for 24 hours. Then the mixture was submitted to column 
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chromatography (silica gellbenzene) to afford 1,3-dithiole (log, 150 mg, 75%). Yellow oil, 
'H-NMR(CDCI3) 6 7.1-7.7(m,5H) 1.39(s,6H) 1.37(s,6H), "C-NMR(CDC13) 6 144.4(s) 


Found 402.0531 (Calculated for CZIH2z0SSe 4024556). 
138-2(~) 134.l(~) 128.0(dX2) 127*7(d) 86*l(s) 85.7(~) 85.2(~) 29*4(q) 29.1(q). HRMS, m/z 


6,6,8,8- Tetramethyl- N-phenyl-2-thia-4-selena- 7-oxubicyclo/3.3. Oloct- I (5)-ene-.~-imine (IOi)  Pale 
yellow crystals, mp 122-123 "C, IH-NMR(CDCI3) 6 6-9-7-5(m,5H) 1+50(s,6H) 1.45(s,6H), 
"C-NMR(CDC13) 6 168-8(~) 152.3(~) 146.7(~) 132.1(~) 129.8(d) 125*4(d) 119.l(d) 87.7(~) 87.1(s) 
29-9(q) 29.6(q). IR(KBr) 1565(C==N) cm-I. MS, m/z 339 EM+]. E.A. Found C,53-20; H,5-02; 
N,4.17% (Calculated for CISHI70NSSe C,53-25; H,5.06; N,4.14%). 


3-lsopropylidene-4,4,7,7,9,9-hexamethyl-2-thiu-.5-selena-8-oxabicyclo[4.3.O/non-l(6)-ene (IOj) Color- 
less oil, 'H-NMR(CDC13) 6 24S(s,3H) 2.00(s,3H) 1*88(s,6H) 1=41(s,6H) 1-34(s,6H), 
"C-NMR(CDC13) 6 130*0(~) 127.7(~) 127-5(~) 123*2(s) 88-8(~) 88-7(s) 43-5(~) 31.5(q) 29-4(q) 
29-2(q) 27.S(q) 23*7(q). HRMS, mlz 332.0734 (Calculated for CIsH240SSe 332-0679). 


3,4- Diisopropylidene- 7,7,9,9, -retramethyl-2-thia -5 -selenu -8- oxubicyclo[4.3. Olnon- I (6) - ene (IOk) 
Colorless crystals, mp 140-141 "C, 'H-NMR(CDCI3) 6 241(s,3H) 1*98(s,3H) 1.73(s,3HX2) 
14(s,3H) 1*39(s,3H) 1>32(s,3Hx2), "C-NMR(CDC13) 6 136.6(s) 135.7(s) 129.1(s) 122.3(s) 


MS, mlz 344 [M+]. E.A. Found CS5-99; H,7.03% (Calculated for ClhH240SSe (2,5596; 
118.7(~) 11S-4(~) 88*5(~) 88-4(~) 29*9(q) 29-3(q) 28-9(q) 28-5(q) 24-0(q) 22-l(q) 21*7(q) 21*5(q). 


H,7.04%). 


6,6,8,8- Tetramethyl-2 - thiu -4-selena- 7-  oxabicyclo[3.3.O]oct - I (5) - ene-3-thione ( I  Oh) The 1,2,3- 
selenadiazole (5,  115 mg, 0.5 mmol) dissolved in 2 ml of carbon disulfide was heated at 90 "C in a 
sealed pyrex tube for 24 hours. The mixture was then evaporated and the residue was submitted to 
column chromatography (silica gelhenzene) to afford 75% of yellow-range crystalline 
1,3-thiaseIenole-2-thione (10h) having mp 121-122 "C, 'H-NMR(CDCI3) 6 1*54(s,6H) 1-52(s,6H), 
l3C-NMR(CDCl3) 6 219.3(s) 146.5(s) 144-7(s) 87.5(s) %.6(s) 30.5(q) 30*2(q). Mass, m/z 280 
[M+]. E.A. Found C, 38.56; H,4.30% (Calculated for C,H120S2Se C,38-70; H,4.33%). 


L>ibenzo~i,1/-4,4,6,6-tetrarnet~iyl-2-sekna-5-oxatricyelo[6.2.2.~~~ ']dec-3(7)-ene (ION To 3-56 g (20 
mmol) of anthracene was added 1,2,3-selenadiazoIe(S, 462 mg, 2 mmol) in portions at 220 "C and 
stirred, the vigorous nitrogen gas evolution ceased within 5 minutes. The reaction mixture was 
poured into 20ml of ethanol and filtered to remove the excess of anthracene. Then the solution 
was evaporated and the residue was submitted to column chromatography (silica gel/ 
dichloromethane) to give 26% yield of pale yellow crystalline [3+4] adduct (1Of) along with 30% of 
1,Cdiselenin (11). A sample further purified by recrystallization from hexane had mp, 14E&150"C. 
'H-NMR(CDC13) 6 7-1-7.5(rn,8H) 540(s,lH) 4*24(s,lH) 1-44(s,6H) 147(s,6H), I3C- 


87.7(s) 43-l(d) 39.6(d) 29*7(q) 28-3(q). MS, mlz 382 [M']. E.A. Found C,69.27; H,5.90% 
(Calculated for C22H220Se C,69-28; H,5.81%). 


NMR(CDC13) 6 14Q.l(~) 137.6(~) 129.2(~) 126.9(d) 126.7(d) 126-0(~) 125*0(d) 124.9(d) 90.l(~) 
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Thermolysis of 1,2,3-selenadiazole (5) in the presence of diphenyldiazomethane 


A mixture of 1,2,3-selenadiazole (5, 231 g, 1 mmol) and diphenyldiazomethane (970mg, 5 rnmol) 
dissolved in l0ml of benzene was refluxed for 12 hours. Then the mixture was evaporated and 
chromatographed (silica geUdichlorornethane) to remove tetraphenylazine and tetraphenylethyl- 
ene. The residue was submitted to high pressure liquid chromatography to afford diselenole (21, 
134mg, 30%), dihydropyridazine (22, 82mg, 17%), azine (23, 44mg, 9%), and diselenin (11, 
51 mg, 25%). 


6,6,8,8- Tetramethyl-3,3-diphenyl-2,4-diselena-7-oxabicyclo[3.3.O]oct-l(5) -ene (21) Yellow crys- 
tals, mp 95-96"C, 'H-NMR(CDC13) 6 7-2-7.7(m,lOH) 1*36(s,12H), "C-NMR(CDC13) 6 145-3(s) 
138.0(s) 128-2(d) 128-l(d) 127.6(d) 87.3(s) 29.5(q). E.A. Found (2,56028; H,5.00% (Calculated for 
C21H220Se2 CS6.26; H,4-95%). 


7,7,9,9- Tetramethyl-2,2,5,5 - tetraphenyl-3,4- diaza -8-oxabicyclo[4.3. Olnona - I (6), 3 - diene (22) 
Yellow crystals, mp 185-186"C, 'H-NMR(CDCI3) 6 7.2-7.4(m,20H) 1.27(s,12H), I3C- 
NMR(CDC1J 6 166.2(s) 136-8(s) 128.6(6) 128.3(d) 127-6(d) 85-6(s) 81.1(s) 28*9(q). Mass, mlz 484 
[M+]. E.A. Found C,84-14; H,6-65; N,5.78% (Calculated for C34H32N20 C,84-26; H,6-65; 
N,5.78%). 


2,2,5,5-Tetrumethyl-2-diphenyImethylene-4-diphenylmethylenehydrazonooxolane (23) Yellow- 
orange crystals, mp 143-144°C. Mass, mlz 484 [M+]. E .A.  Found CJ34.29; H,6.78; 
N,5.74% (Calculated for C34H3zNz0 C,84.14; H,6-65; N,5.78%). 


In NMR spectra the tautomers, s-truns and s-cis were observed in the ratio of 1:2. Although 
only the former was observed just after dissolving the crystals of 23, the equilibrium was 
established in about 10 minutes at 35 "C. s-trans: 'H-NMR(CDCI?) 6 6.7-7.5(m,20) 1.64(s,6H) 
1*16(~,6H), "C-NMR(CDCI3) b 169-6(~) 160.0(~) 143*4(~) 142.4(~) 139.8(~) 138.6(~) 135.1(~) 
132.3(s) 127-130(dx 12) 81.3(s) 78.8(s) 30-3(q) 27.3(q). s-cis 'H-NMR(CDCI?) 6 6.7- 
7-5(rn,20H) 1.43(s,6H) 147(s,6H), "C-NMR(CDCI?) b 165.7(s) 156.6(s) 146.7(s) 143-8(s) 
142.2(~) 137.5(~) 133.3(~) 127-130(dX 12) 128.2(~) 81.0(~)  77.9(~) 29*9(q) 28.S(q). 


Reaction of 1,2,3-selenadiazole (2) with nucleophiles 


The procedure with trirnethylphosphite is typical. 


2,2,4,5,5-Pentamethyl-3-dimethylphosphonoseleno-3-oxolene (276) The mixture of 5 (1 16- 
mg, 0-5 mmol) and trimethylphosphite (500 mg, 4 mmol) was heated at 50 "C for 24 hours. 
During this time nitrogen gas evolution was observed. Then the mixture was submitted to 
high pressure liquid chromatography to give 89% yield of colorless oily vinylselenide (27b, 
125 mg). 'H-NMR(CDCI3) 6 3-78(Jcp= 1 lHz,s,6H) 2.32(s,3H) 1.46(s,6H) 1.43(s,6H), 13C- 


21H2,s) 52.3(Jcp=6Hz,q) 29.6(q) 29.2(q) 8-45(q). HRMS, mlz Found 328.0333 (Calculated 
for C11H2104Se 328-0340). 


NMR(CDC13) 6 152.O(Jcp=10Hz,s) 138.5(Jcp=30Hz,s) 91.1(Jcp=19Hz,s) 89.3(Jcp= 
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3-Et~iyl-2,2,5,5-tetrumethyl-4-diethylphosphonoseleno-3-oxolene (27c) Colorless oil, 'H- 


J=7Hz,3H) 1.41 (s,6H) 1*37(t, J=7Hz,6H), "C-NMR(CDC13) 6 lSO*4(Jcp= 10Hz,s) 132~2(5cp 
= 27Hz,s) 90-6(Jcp = 20Hz,s) 89-5(Jcp = 21Hz,s) 61-8(Jcp = 6Hz,t) 29-7(q) 29.l(q) 22.5(t) 
16.3(Jcp = 6Hz,q) 15*2(q). HRMS, mlz Found 370.0848 (Calculated for CI4H2,0,PSe 
370.0812). 


NMR(CDC13) 6 4.16(Jc;p=7H~, 9, J=7Hz, 4H) 3*05(q, J=7Hz,2H) 1*48(~,6H) 1*41(t, 


2,2,5,5-Tetrumetyl-3-phenylthioseleno-3-oxolene (27d) Colorless oil, 'H-NMR( CDCI3) 6 
7-1-7-6(m,5H) 5.78(s,lH) 1*36(s,6H) 1.27(s,6H), I3C-NMR(CDCl3) 6 137.7(s) 135.5(s) 
130-6(d) 1294(d) 128.9(d) 127.7(d) 89.3(s) 85-9(s) 29*5(q) 29.4(q). MS, mlz 314 [M+]. 


2,2,5,5-Tetrumethyl-3-phenylthio-4-phenylthioselena-3-oxolene (27e) Pale yellow o i l ,  'H- 
NMR(CDCl3) 6 7.1-7.6(m,IOH) 1.44(s,6H) I .23(s,6H), "C-NMR(CDC13) 6 142.6(s) 139.1(s) 


29-2(q). Mass mlz 422 [M']. 
137*8(~) 135.2(~) 130*4(d) 129.9(d) 129.0(d) 128*9(d) 1273(d) 127,0(d) 96.2(~) 89.0(~) 29-6(q) 


2,2,5,5-Tetrumethvl-3-methylthio-Cmethylthiiosele~zo-3-oxolene (27f) Colorless oil, 'H- 
NMR(CDC13) 6 2.69(~,3H) 2.40(~,3H) 1*46(~,6H) I *40(~,6H), "C-NMR(CDCI3) 6 145.3(~) 
138.l(s) 88.8(s) 88.2(s) 29-4(q) 29.1(q) 234(q) 184(q). Mass, miz 298 [M']. 


3,3'-Bis(2,2,5,5-te~rumethyl-~-methylthio-~~-oxolene)dis~leriide (27g) Colorless oil, 'H- 
NMR(CDCI3) 6 2-44(~,6H) 1*42(~,12H) 1-40(~,12H), '3C-NMR(CDC13) 6 149.6(~) 133.2(~) 
89*3(s) 88-3(s) 29.4(q) 292(q) 17-5(q). Mass, mlz 502 [Mi]. HMRS, mlz Found 502-0080 
(Calculated for C18H3,,02S2Se2 502-001 7). 


3-Butylseleno-2,2,5,5-tetrumethyl-3-oxolene (27a) To a 5 ml of tetrahydrofuran solution of 5 
(231 mg, 1 mmol) was added butyllithium (1 mmol, hexane solution) in portions by means of a 
syringe at -70°C and stirred for 30 minutes at this temperature. After quenching with 5 ml of 
water the mixture was extracted with dichloromethane (10ml x 3), the organic layer was 
evaporated and the residue was submitted to high pressure liquid chromatography to give 
colorless oily butyl selenide in 53% yield. 'H-NMR(CDCI3) 6 5.42(s, 1 H)  2-79(t,2H) 
14-1.9(m,4H) 1.36(s,6H) 1.32(s,6H) 0-94(t,3H), "C-NMR(CDC13) 6 1354(s) 130-5(s) 
89.4(s) 86-6(s) 31.6(t) 29.8(q) 29.4(q) 26.5(t) 234(t) 136(q). MS m/z 262 [Mf]. HRMS, mlz 
Found 2604636 (Calculated for C12H2(,0Se 260.0677). 


Spiro/8,8, IO, IO-tetrumethyl-2-selenu-3-thiu-5,6-diuzu-9-oxuhicyclo/5.3.Ojdecu-l(7), 5-diene- 
4,3'-1',2'-diphenylcyclopropene/ (30) A mixture of the selenadiazole (5, 231 mg, 1 mmol) 
and diphenylcyclopropenethione (222 mg, 1 mmol) dissolved in 1 ml of benzene was heated at 
70°C for 12 hours. The solvent was then removed under reduced pressure and the residue was 
submitted to column chromatography (silica gelldichloromethane) to give an orange 
crystalline nitrogen containing adduct (30) in 90% yield (408 mg). A sample further purified by 
recrystallization from ethanol had mp 162-164 "C, 'H-NMR(CDCI3) 6 7.2-7.5(m, 10H) 
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1*74(~,6H) 1.52(~,6H), I3C-NMR(CDC13) 6 150.5(~) 141*6(~) 132.1(~) 131.5(~) 130*2(d) 
128.2(d) 128-1(d) 111.7(s) 86.9(s) 86.1(s) 29.3(q) 29.l(q). MS, mlz 454 [M+]. E.A. Found 
C,61.01; H,4.92; N,624% (Calculated for C23H22N20SSe C,60-91; H,4-89; N,6.17%). 
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SHORT COMMUNICATIONS 


ETHENEDIYLIDENE-:!,2’-BIS( 1,3-DITHIOLE) AND BUTATRIENE- 
1,4-DIYLIDENE-2,2‘-BIS( 1,3-DITHIOLE) 


HIROSHI AWAJI, TOYONARI SUGIMOTO, AND ZEN-ICHI YOSHIDA 
Department of Synihetic Chemistry, Kyoto University, Yoshida, Kyoto 606, Japan 


ABSTRACT 


This paper describes the synthesis and electrochemical behavior of dicationic salts of ethenediylidene- 
2,2’-bis(l,3-dithiole) (3) and butatriene-l,4-diylidene-2,2’-bis( 1.3-dithiole) (4). These are expected as 
donor components for developing organic conducting and superconducting materials, on the grounds of 
high electron donating ability and of rigid skeletal structure with two and four cumulenic carbons inserted 
between two 1,3-dithioles. These salts were obtained in good overall yields by several ste s starting from 
(2-morpholino-4,5-dimethyl or -diphenyl)-l,3-dithiolylium salt. From the ’H and “C NMR, and 
electronic spectra it is suggested that the JI conjugation between two 1,3-dithiolylium ions through an 
acetylenic bond is less effective than that through an olefinic bond of the corresponding salts of 
ethanediylidene-2,2’-bis(l,3-dithiole) (1) and 2-butene-1,4-diylidene-2,2’-bis( 1,3-dithiole) (2). The 
cyclic voltammetric study shows that the corresponding radical cations, and in particular 3 and 4, are less 
stable even at -4O”C, thus providing reasons for our current lack of success in isolation of 3 and 4.  From 
comparison of the first redox potentials of neutral species, it is deduced that the donating ability increases 
in the order of TTF < 1 = 2 5 3 << 4. 


Tetrathiafulvalene (TTF) and its chalcogen analogs are crucial as donor components for 
developing organic conducting and superconducting materials. ’ Nevertheless, creation of new 
donors having different skeletal structures from TTF is necessary for successful development 
of these materials. For such new donors we previously synthesized ethanediylidene-2,2’- 
bis(l,3-dithiole) (1)2 and 2-butene-1,4-diylidene-2,2’-bis(l,3-dithiole) (2) ,3  in which two and 
four sp2 carbons are inserted between two 1,3-dithioles, respectively. Unfortunately, these 
donors have the following drawbacks: (1) the metal-insulator transition occurs at 
comparatively high temperature (ca. 200 K) for the 1 - tetracyanoquinodimethane 1:1 
charge-transfer (CT) complex in single  crystal^,^ and (2) the CT complexes of 2 and the radical 
cation salts of 1 and 2 are not obtained as single crystals, presumably f o r  lack of tight 
intermolecular stacking by the presence of a flexible central C-C bond in the molecules. Our 
attention was directed to the synthesis of other new donors, ethenediylidene-2,2’-bis( 1,3- 
dithiole) (3) and butatriene-l,4-diylidene-2,2’-bis( 1,3-dithioIe j (4), which have respectively 
two and four rigid cumulenic carbons inserted between two 1,3-dithioles. Herein wc wish to 
report the synthesis of dicationic salts of 3 and 4, and their electrochemical study in order to 
clarify the properties of 3 and 4 themselves. The diperchlorate salts of 3 and 4 (32+.2C104-. 
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12: R = M e  


I&: R=Ph 


2 3 :  R=Me 


2J: R=Ph 


32:  R = M e  


3_b:  R=Ph 


-J_az+: R = M e  


2'': R=Ph 


4-a: R=Me 


4J: R=Ph 


e2+: R = M e  


5'': R=Ph 


and 42'.2C104p), were synthesized as shown in Scheme I.  Thus? the reaction of 
(2-morpholino-4,S-dimethyl)-3,3-dithiolylium perchlorate (5a)5 with trime thylsilylethynyl- 
magnesium bromide6 gave 2-morpholino-2-trimethylsilyiethynyl-4,5-dimethyl-l,3-dithiole 
(6a), which was further converted to a detrimethylsilylated derivative (7a) by the aid of 
tetra-n-butylammonium fluoride in THF-H20 .' By treatment of 7a with lithiumdiisopropyl- 
amide (LDA) and then with 5a bis(2-morpholino-4,S-dimethyl-1,3-dithiole)acetylen~ (8a) 
was obtained. On the other hand. Eglinton coupling of 7a with C U ( O A ~ ) ~  in pyridine- 
methanol8 yielded the corresponding diacetylenic derivative (9a). In a similar procedure the  
corresponding tetraphenyl derivatives of 8 and 9. (8b and 9b), were also prepared by using 
(2-morpholino-4,5-diphenyl)-l,3-dithiolyliurn perchlorate (5b)' as a starting material. When 
8a and 9a were reacted with 70% perchloric acid and successively dehydrated with propionic 
anhydride, 3a"+2C104- and 4a2+-2CI0,- '' were obtained as yellow crystals in respective 
overall yields of 89 and 87%, which are very explosive in contact with metallic spatula (handle 
with care). A similar treatment of Sb and 9b gave 3b2+.2C104-- and 4bZf.2C1O4- in 73 and 
74% overall yields as purple solids, which are proved to contain small amounts of the 
corresponding radical cations by ESR measurement. 


The 'H and I3C NMR spectra of 3a2+.2CI04- and 4a'+-2CIO4- were measured and 
compared with those of the diperchlorate salts of tetramethyl-substituted dcrivativcs of 1 and 
2, (la2f.2C104p and 2a2+.2CI04-), prepared by the reaction of la  and 2a with an equimolar 
amount of Rr2 in dry CCj4, followed by the treatment with KC104 aq. In the  'H NMR spectra 
(CF3C02D) methyl protons of 3a'+ and 4a2' appeared at 6 2.99 and 2.95 as singlet, 
respectively. On the other hand, for la2+ and 2a2+ the corresponding signals were observed at 
6 2.91 and 2.81, respectively. The "C NMR spectrum (60% HCI04) of 3a'+ consisted of four 
signals at 6 14.5 (CH,), 98.8 (C=C), 158.3 (S-G=C-S), and 185.1 (S-c-S). and for 
la" the corresponding signals appeared at 6 14.2 (CH,), 127.1 (C-C=C--C), 155.3 
(S-c=C-S), and 180.0 (S-G-S). However, for 4a2+.2C104p, and also 3b2+-2C104- and 
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5_a:  R = M e  
5_b:  R = P h  n B ~ 4 N F  T H F - H 2 0  I 


7 2 :  R = M e ,  l b :  R = P h  I 
CU(OAC)~ P y - M e O H  1 


La: R = M e ,  8_b: R = P h  e:  R = M e ,  9_b: R = P h  


I 7 0 %  HC104 I 7 0 %  HC104 


2 Cl0,- 2CI04- 


3 _ a 2 + * 2 C 1 0 4 - :  R = M e  ~ * + . 2 C 1 O 4 ' :  R = M e  


3 _ b 2 + ' Z C 1 0 4 - :  R=Ph q_b2+.2C104-: R = P h  


4b'+.2CI04- the "C NMR spectral measurement was impossible because o f  their extremely 
poor solubility in any solvent. From the NMR spectral data i t  is shown that the two positive 
charges are much more localized in the two 1,3-dithiolylium rings for 3a2' than for la'+ and 
2a2+. This can be  understood by taking account o f  the  fact that the jl conjugation between two 
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1,3-dithiolylium ions through an acetylenic bond is less effective than that through an olefinic 
bond, because of the participation by an energetically unfavorable vinylium ion in the former 
case. In the visible spectra measured in 70% HClO, aq. 3a2+ revealed strong absorption bands 
at 424 (sh, log E = 4.17) and 454nm (4.29), while 4a2+ at 388 (sh, 4-29), 431 (4-45) and 465 nm 
(4.52). In a comparison of the longest wavelength bands between 3a2+ and la2+ and between 
4a2+ and 2a2+, the bands of 3a2+ and 4a2+ shift to the comparatively shorter wavelength 
region than those of la2+ (446 (4.32) and 464 nm (sh, 4.29)) and 2a2+ (468 (4.52) and 493 nm 
(sh, 4.47)) also suggesting the less effective ?c through-conjugation for the former systems. 


In order to clarify the properties of 3 and 4 and to attempt their isolation i l  possible, CV 
studies were made on 32t and 42 and also on 12+ and 2*+ for comparison. Figures 1 and 2 
show cyclic voltammograms of la2+ and 3a2+, and of 2a2+ and 4a2+, respectively, which were 
measured in CH3CN containing 0.1 M Et,NClO, as supporting electrolyte at -40°C (scan 
rate, 43 mV/s). Both 3a2+ and 4a2+ revealed two pairs of irreversible redox waves at +0.31 
(E2) and +0.07 (El ) ,  and +0.25 (E2) and -0.12 V (El) ,  respectively, vs. AgiAgCl each of 
which involves one-electron migration (E2 and El  are used for denoting the second and first 
redox potentials of the neutral species, 3a and 4a, respectively). For la2+ and 2a2+ the 
corresponding waves were reversible and appeared at +0-31 (E2) and +0.10 (El), and $0.14 
V ([E2 + E1]/2: the average of potentials of first and second pairs of waves). The CV result5 
suggest that the radical cations (3af‘ and 4a+-)’ and also 3a and 4a are not so stable as to 


- i I 
+10 r05  0 0  - 0 5  -1 0 


V 


Figure 1 Cyclic voltammograms of (a )  la2’.2CIO,- and (b) 3a” 2CI04 in  CHxCN containing 0.L M Et,NCIO, 
(-40°C. scan rate, 43 mVA) 


n V 
b) N 


I? I 


.10 t o 5  0 0  - 0 5  -10 
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Figurc 2. Cyclic voltammograms of (a) 2a2’.2CIO, and (b) 4aL’.2CI0,- in CH,CN containing ( 1  1 M Et,NCI04 
( - 3 0 ° C .  scan rate, 43mVis) 
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undergo rapid irreversible chemical reactions such as polymerization, in contrast with the high 
stability of 1 and 2, and their radical cations. A similar observation was also reported in the 
reduction of acetylene-bridged non-quartenarized N-heterocycles. '(' In accord with the CV 
result 3a and 4a have still not been isolated successfully, although electrochemical and 
chemical reductions of 3a2+ and 4a2+ were carried out in several conditions. Both El and E2 
values of 3a2+ are almost the same as those of la2'. On the other hand, the E l  of 4a2' is more 
negative by ca. 0.26 V than that of 2a2+, but conversely the E2 value is more positive by ca. 
0.11 V. By comparison of the El values in this series, it is deduced that the donating ability 
increases in the order of TTF (E, = +0-34 and E2 = +W71 V vs. Ag/AgCl) < 1 = 2 5 3 << 4. 


In summary, 3 and 4 should be expected to  be more desirable donors than 1 and 2 in view of 
the more rigid skeletal structure and the greater electron-donating ability. We are now 
investigating the preparation of electric conducting CT complexes and radical cation salts by 
using 32+ and 42+. 
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SYNTHESES, SPECTROSCOPIC CHARACTERIZATION 
AND ELECTRONIC STRUCTURE OF 


CYCLOPROPENYLIDENE LIGATED PLATINUM 
COMPLEXES 


SADAO MIKI, TOSHINOBU OHNO, HIDEAKI IWASAKI AND ZEN-ICHI YOSHIDA* 
Deparfrnent of Synthetic Chemistry, Kyoto Universify, Yoshidu, Kyofo, 606 Japan 


ABSTRACT 


New series of platinum complexes of cyclopropenylidenes of the types of PtX2(CP)2 and 
trans-PtX(PBu&(CP) have been synthesized, where CP is di-t-butylcyclopropenylidene (BCP) or 
bis(diisopropy1amino)cyclopropenylidene (ACP). The "C-NMR chemical shifts, and '3C-195Pt coupling 
constants ('.IptC) for the complexes are discussed in comparison with those values derived from closely 
related series of compounds, tran.s-PtC1(PR3)2L; L = -CH3, -C6HS and --CCBu-t. An excellent 
linear relationship through the origin was obtained between 'JP,c and the formal 's' % character of the 
carbon directly bonded to Pt for the series tmns-PtCI(PR&L in which the Pt-C bond is regarded as a 
pure a-linkage, whereas '.I,,(. deviates largely from this relationship when pn-dn bonding interaction 
possibly exists in the Pt-C bond. The NMR data suggest the strong nmr Lrans-influence of the 
cyclopropenylidenes and that in the Pt-CP bond the o-interaction is appreciable but the n-interaction is 
negligible. 


INTRODUCTION 


Since the  structural novelty of cyclopropenylidene was pointed out,la this carbene species and 
its derivatives have been attracting much attention from theoretical' and experimental' 
chemists. Study on  the  carbene ligating to metals is also intriguing, and we have been 
continuing with synthesis and  structural investigation of novel cyclopropenylidene metal 
c o m p ~ e x e s . ~ ~ . ~ ' ~  


In addition to such interest in structural chemistry, our recent interest has been directed 
toward the characteristic nature of cyclopropenylidene derivatives as ligands. That is, in 
contrast to usual electrically neutral Lewis-base ligands such as PR3, AsR3, SR2, NR3 and C O ,  
the carbene species a re  essentially undissociative when they form complexes with certain 
transition metals. As pointed out by Clark et af.4 if we could systematically change one  ligand, 
L', of a low symmetry species of the type MLL'X, ( L  and L': neutral ligand), it would be 
extremely useful for investigating a reaction involving transition metal complexes, such as 
intramolecular rearrangements, catalytic behaviors, etc.. However, these species containing 
monodentate ligands have a tendency to disproportionate to more symmetric complexes. T h e  
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undissociative nature of cyclopropenylidene derivatives might offer a possibility to obtain 
stable metal complexes of low symmetry. 2d In  fact, a mechanism of metal complex catalyzed 
cycloreversion of quadricyclane has been elucidated' by using PdCI,(CP)L (CP = substituted 
cyclopropenylidene, L = 4-substituted pyridine). 


In the course of our study of such a problem, it has become necessary to know the electronic 
nature of the cyclopropenylidene-metal bonding; magnitude of trans-influence, pz-dz 
bonding, hybridization of the ligating carbon, 0-n conjugative effect and so forth. However, 
little was known about the electronic nature of the bonding between metals and 
cyclopropenylidenes. 


We have selected di-t-butylcyclopropenylidene (BCP) and bis(diisopropy1amino)cyclo- 
propenylidene (ACP) as the ligands, because they are largely different in the nature of their 
n-systems, due to the large difference betwen the t-butyl group and the amino group in 
x-donating ability. That is, the p-type orbital on the carbene carbon is raised much higher in 
energy in ACP than in BCP by mixing with their ethylenic n-moieties.'k Consequently, 
valuable information for n-type bonding in M-carbene could be obtained by comparing 
BCP-M and ACP-M. 


BCP A C P  


NMR parameters might offer us useful information for the electronic structure of the 
complexes. Thus, our attention was directed toward cyclopropenylidene platinum complexes, 
because the naturally occurring magnetic isotope (IssPt, 34%) allows us to obtain abundant 
NMR parameters including 1"sPt-'3C coupling constants lJp,c. 


We now wish to report (1) a study of the synthesis of novel cyclopropenylidene platinum 
complexes, ( 2 )  I3C- and "'Pt-NMR characterization of cyclopropenylidene platinum 
complexes, and (3) electronic structure of the platinum-cyclopropenylidene bond. 


RESULTS AND DISCUSSION 


Syntheses of cyclopropenylidene platinum complexes 


We have reported"." the preparation of Pd" complexes including Pd2C14(BCP)2 (1) and 
Pd2C14(ACP)2 (2) by the oxidative addition reaction of Pd" with the corresponding 
dichlorocyclopropenes. 


X R 


1 ; 


2 ; 


M = Pd''. R = t - B u ,  X = Cl 


hl = Pd'' ,  R = i -Pr  N ,  X = Cl 


ni = P t I I ,  R = t - B u ,  x = CI 


M = ptl ' ,  R = i -Pr  N ,  x = CI 
ni = r t " ,  R = i - P r  N. x = I 


2 
3a ; 
3 b  ; 


3c ; 
2 
2 
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In the present study the reactions of Pt" (platinum black) with dichlorocyclopropenes have 
been examined. As shown in Scheme 1, when di-t-butyldichlorocyclopropene (4a) was treated 
with Pt" in a manner similar to the preparation of 1, the cyclopropenylidene platinum complex 
obtained was bis(di-t-butylcyclopropenylidene)tetrachloroplatinum (6a) instead of the 
anticipated binuclear complex Pt2C14(BCP)2 (3a). The Pt'" complex PtCI,(BCP), (6a) should 
be formed by further oxidative addition of 4a to initially formed cyclopropenylidenedichloro- 
platinum, Pt1*C12(BCP) (Sa). The Pt'" complex, 6a, can be easily reduced to the Pt" complex, 
PtC12(BCP)2 (7a), by treatment with 1 equiv. of SnCI2 in CH2CI2. Their stereochemistry of 
&configurations was determined based on the ''sPt-'3C coupling constants, 1040 Hz and 
1438 Hz, for 6a and 7a, respectively (vide infru). 


Treatment of bis(diisopropylamino)chlorocyclopropenium chloride (4b) with Pto in a similar 
manner has resulted in recovering the starting materials. When iodo derivative 4c was 
employed, trans-PtI2(ACP)~ (8c) was obtained together with di-p-iodide complex 3c. The 
plausible reaction mechanism for the formation of tk might involve the oxidative addition of 
the two molecules of 4c with Pto leading to Pt1V14(ACP)2 (6c) followed by the reductive 
elimination of I2 from 6c. 


6a 7a 


4 c  8c 


10 


L c; 6,- 
1 l a  
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The cis-counterpart of 8c was obtained by the ligand exchange reaction using 
bis(diisopropy1amino)lithiocyclopropenium perchlorate (9).2f.3d Thus, treatment of 
PtI,(COD) with 9 in ether at -54)"C afforded a mixture of 7c and 8c (Scheme 2). The 
product ratio 7c/8c was unsteady, and in some cases 8c was obtained predominantly and only a 
trace of 7c was detected. They were separated by TLC (silica gel, CH2CI2/Ether = 5011) at low 
temperature (below -5°C). The complex 7c gradually isomerized to 8c. Although the isomers 
cannot be distinguished by their IR finger print region absorptions, their FIR spectra exhibit a 
marked distinction. In the Pt-I frequency region in the FIR,' 8c gave a band at 193 cm-' 
whereas 7c gave a signal for vptI at 134 cm-'. Since the trans-influence of ACP would be much 
larger than that of I-,3f the lower value of vptr for 7c than for 8c indicates the cis- and 
trans-configurations for 7c and Sc, respectively. 


Treatment of 9 with PtC12(COD) was unsuccessful because PtC12(COD) did not react with 9 
and was recovered. Although yield was poor, 8b was obtained by the reaction of 9 with PtCl, 
in ether (Scheme 2). The high Pt-CI stretching frequency, 324 cm-', in the FIR of Sb 
indicates the mutual trans-orientation of chlorine atoms.' No trace of C ~ ~ - P ~ C I , ( A C P ) ~  could 
be detected in the reaction mixture. 


One of the I -  ions in SC was replaced by C1- to afford PtCII(ACP), (8d) by treating 8c with 
CF3S03Ag in CH2CI2/CH3CN and successive addition of Et,NCI. 


Scheme 2 


8c  


9 8 b  


In order to examine a series of closely related platinum complexcs possessing a variety of 
a-linked carbon ligands, we have selected the trans-PtCI(PR3)2L type complexes (L = carbon 
ligand), since there have been systematic NMR studies for this type of complex.' Also, 
fortunately, ~~~~S-[P~C~(PR~)~(ACP)]+C~O~- (1 lb) can be easily prepared by the reaction of 
trans-PtC12(PR3), with 9.3d 


As shown in Scheme 1, in the reaction of Pt" with 4a the plausiblc intermediate should be 
Pt"CI2(BCP) (5a). This scheme has inspired us to examine a reaction of 4a with a species of 
the type Pt"C1,L (L = neutral ligand) to obtain a mono BCP platinum complex. PBu3 was 
selected as L, and since Pt"LCI2 should exist in equilibrium with the corresponding 
di-p-chlorodimer Pt2CI4L2, 4a was treated with Pt2C14(PB~3)2 in benzene under reflux. The 
reaction gave cis-PtCI, (PBu3) (BCP) (10) in 22% yield (Scheme 1). Treatment of 10 with 1 
equiv. of PBu3 afforded ~ ~ U ~ ~ - [ P ~ C ~ ( P B U ~ ) ~ ( B C P ) ] + C I -  in quantitative yield. 


A series of complexes of the type trans-PtCI(PBu3)2L, L = C6H, (14b), L = CH; (15b) 
and L = t-BuCEC- (12a), were synthesized according to the literature' appropriate for the 
preparation of each complex (see Experimental Section). 
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The I3C- and '95Pt-NMR and the spectroscopic characterization of BCP- and ACP-ligated Pt 
complexes 


'- 'C-NMK. I3C-NMR chemical shifts for the carbon (represented as CI hereinafter) directly 
bonded to Pt and the carbons (represented as C,) next to C1 are shown in Table 1 for the 
complexes studied in this work. Absolute values of '3C-'95Pt coupling constants ( 'Jptc) and 
two bond 3'P-Pt-'3Cl coupling constants (2Jpptc) are also tabulated (Table 1). 


In all cases except 14b and 15b in Table I ,  the measurements of "C-NMR suffered from 
poor nmr sensitivity of C I ,  presumably due to long relaxation time. For example, the 
'"Pt-satellites for Cl  of l l b  were barely observed using a NMR spectrometer operating at a 


C-resonance frequency of 100.4 MHz employing pulse repetition intervals of 100 sec. In the 
case of 12a, '" Pt-satellites for the acetylide carbon could not be observed even employing 
pulse repetition intervals of 300 sec with a sample of very high concentration (cu. 40 wt 5%). 


In each of the 13C-NMR spectra of the Pt complexes in Table 1 except 12, C I  gave a 
resonance flanked by two '"Pt-satellites. Each of the components (a central resonance and 
two '"Pt-satellites) for C l  of the complexes of the type t ran~-PtCl(PBu~)~L appears as a triplet 
due to coupling with the two equivalent phosphorus nuclei, indicating the trans-orientation of 


It is well known that lJptC magnitude is sensitive to the nature of the ligand trans to C l  and 
nmr cis-influence is small.7 The '.IptC values for 8b,c,d spanning 935-986 Hz are much smaller 
than 1374 Hz for I lb ,  indicating that the nmr trans-influence of the ligand trans to ACP in 8 is 
much higher than CI- which is trans to ACP in l l b .  This is consistent with the 
trans-configuration of 8b,c deduced by Pt-halogen stretching frequencies (vide supra). The 
large 'JPtC value, 1438Hz, for 7a comparable to 1369 Hz for l l a  indicates that the nmr 
trans-influence of the ligand tram to BCP in 7a is as small as that of CI- which is trans to BCP 
in l l a .  This is consistent with the cis-configuration of 7a. Similarly the 'JPtc, 1400 Hz, for 10 
also indicates its cis-configuration. 


13 


two P B u ~ .  


'"Pt-NMR. '"'Pt-NMR parameters are also summarized in Table 1. The ''" Pt-resonance 
appeared as a singlet for 6, 7 and 8, as a triplet for the complexes of the type 
t r~ns-PtCl(PBu~)~L,  and as a doublet for 10. In  all cases except 6a, '"Pt-resonance appeared 
in the chemical shift region -3300ppm - - 4500ppm typical for Pt" square planar 
complexes."' The "'Pt-NMR spectrum of 6a showed a singlet at -717 ppm in the chemical 
shift region for Pt'" complexes. ' ' 


In the case where the measurement of the '"sPt-satellites of 13C-NMR of C I  is difficult owing 
to a long relaxation time of the carbon, '"Pt-NMR is a potent alternative to obtain 'Jptc, 
because I9'Pt-NMR should be accompanied by "C-satellites due to the I3CI isotopomer. Here 
we have measured "C-satellites of '"Pt-NMR due to the "C-isotopomer of natural 
abundance (1.1%). For this purpose the measurements were performed on samples of high 
concentration (ca. 0.15 M), and FID signals were accumulated until a 'YsPt-signal/noise ratio 
over 200 was obtained. Each resonance of '")5Pt triplet for 14b is flanked by the small 
'3C-satellites, and the separation of the satellites (984 Hz) was independent of the NMR 
operating parameters. This was also the case for 8b and l l b .  In all cases, the center of 
"C-satellites, which is the '95Pt-chemical shift 6 Pt for '3CI-isotopomer, is ca. 0.6 ppm higher 
than that for "C1-counterpart. A similar isotope shift in '"Pt-NMR was observed by Heaton 
and his co-workers in their lYs Pt-NMR study12 on "C-enriched Pt(CN):-. 


As shown in Table 1, the 'JptC thus determined are essentially identical with the values 
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obtained from '"Pt-satellites in "C-NMR, confirming the validity of the technical approach to 
get 13C-19sPt coupling constants. By this method 'Iptc: for 12a was determined to be 1413 Hz. 


'3C-Shzeldzngs. In each of the BCP and the ACP series in Table 1, the chemical shifts for C2 
reveals little alteration, in contrast to a large alteration of the '"-shielding of C 1 .  In the case 
of the ACP series, for example, the chemical shift of Cl varies from 131-8 ppm to 110.3 pprn 
spanning 21.5 ppm, whereas the chemical shifts of C2 reveal little change, from 143.8 ppm to 
146.9 ppm. The chemical shift behavior is similar to the case of phenyl ring carbons in 
PtL(CbHs)(AsMe3)2 reported by Clark and Ward,8h and in direct analogy with their 
discussion, only minor changes in Pt-C, bond (at least the n component) may occur 
throughout each of BCP and ACP series. The carbene carbon of llb is much more shielded 
than the C1 of 8. This phenomenon is comparable to the similar observations that the more 
carbene is deshielded, the greater the trans-influence of the ligand truns to the carbene.'" 


Comparison of the 13C-NMR of the ring carbons of lla and llb showed that the marked 
upfield shifts of "C-NMR for both of C,  and C2 were caused by replacing t-butyl groups with 
N(i-Pr)2 groups suggesting considerable n electron releasing from the NR2 into the C3 core. 


Figure 1 shows the 13C chemical shifts of the ring carbons of 11 and the corresponding 
methylcyclopropenium ions 16a and 16b. The C2 carbons of 11 are deshielded in comparison 
with the corresponding carbons of 16 by A6(C2);, = 12-5 pprn and A C ~ ( C ~ ) ~  = 10.2 ppm for 
lla-16a and lIb-l6b, respectively. Since deshielding neighboring anisotropic effect of the 
platinum moiety should operate on  C2,' the difference A6(C2) is not the net result of the 
difference between the methyl and the PtC1(PBu3), groups in their through bond substituent 
effects on C2. 


Comparison of the differences, A6(C2), and A6(C2),,, would be informative. The difference 
of differences, AAG(C2) = A6(C2);, - A6(C2),,, might be a measure of the difference of 
sensitivity between BCP and ACP to respond to the replacement of the methyl group by the 
platinum group. Since the neighboring anisotropic effect of the platinum group on C2 is 
considered to be similar in lla and llb, the anisotropy term might be cancelled out and the net 
result of through bond substituent effect might dominantly reflect onto the AA6(C2) value. 
The ACP moiety should be much less sensitive to the x-donating substituent effect than BCP, 
because of the increased stabilization achieved by x donation from NR2 into the C3 core. In 
contrast to the ACP ring, BCP could be a good x acceptor. Therefore, we would anticipate 
larger AA6(C2), if there was a significant difference in x donating property between methyl 
group and P ~ C I ( P B U ~ ) ~  group. It seems likely that the absolute magnitude of d-n* 
interaction in the Pt-cyclopropenylidene bonds is as small as the n type interaction between 
methyl groups and the C; core in 16a and 16b. 


13C-'y5Pt coupling constants. It is now well realized that Fermi contact interaction between 
the nuclear spin and the s-electrons at the nucleus dominantly contributes to '3C-1c)sPt coupling 
constants ('JptC), and consequently the magnitude is sensitive mainly to the hybridization of 
the bonding orbitals between these atoms. 10,13 


The dependency of 'IptC on the contribution of carbon 2s orbital to the Pt-C bond has 
been examined by several groups.8 Comparing a closely related series, t runs-PtCI(A~Me~)~K, 
Clark and his co-workers demonstrated the correlation of lJptC with the 's' character of the 
Pt-C at the carbon.8" They reported 'J  = 643 Hz for 15a (R = CH3: 25% 's'), 858 Hz for 14a 
(R = C,H5: 3 3 . 3 %  's') and 1724 Hz for 13a (R = CO: 50% 's'). Although the gross change in 







340 S.  MIKI, T. OIINO, 11. IWASAKI AND Z .  YOSffIDA 


1 l a  1 -Bu' 


Figure I .  I3C-NMR chemical shifts (b ,  ppm) of thc ring carbons of I la .  l l h .  16a and 16h a x  their CIO, baltb 


'.Iptc in the series results from rehybridization, the interrelationship seems not to be so 
straightforward as the case of "C-'H coupling constants. 


However, omitting 13a, the lJptc varies in proportion to the formal 's' % character of the 
carbon a-orbitals as shown in Figure 2 by the broken line, with filled circles for the ursine 
series. In our present work, a new r-butylethynyl complex (I2a) was also prepared and the 
I.TPtc for 12a was determined. Table 2 summarizes '.Iptc for Pt complexes having CI- as the 
common ligand trans to the carbon ligands. We have chosen PBu, as cis-ligands so that the 
cyclopropenylidene complexes of current interest can be included in the phosphine series. 


Table 2. "C-chemical shifts and coupling constants for the complexes 
(runs-Pt RCIL2 


Complexes Cl JPtC ref. solvent 
R L ppm ITz" 


1 


15a CH3 AsMe? -28-4 643 (2) (CD3)KO 
14a C,Hs AsMq 131.9 858 (I)  g CDCI3 
13a" CO AsMe3 159.2 1747 (3) h CDZCIZ 
2OC co AsPh3 158.2 1724 CDCIS 
15b CH3 PBu3 -24.3 694 (2) this work CDCl3 
1% CH3 PMezPh -18-7 673 (3) j CD2Clz 
14b ChHS PBu3 138.3 935 (2) this work CD,C12 
12 t-BuCfC PBu3 


l l ad  BCP PBu, 184.7 1369 (2) this work CD,Cl2 
l lbd ACP PBuJ 110-3 1374 (5)' this work CD,C12 


I 


63.0 1413 (5) this work CDC13 
I CDCI3 13b' CO PPh3 158.6 1788 


16a" :CMe (NMe2) AsMq 210.3 1070 (3) " (CD7)ZCO 


"Values in parentheses denote exerimcntal error limits. 
"PF, salt. 
'BF, salt. 
dC104 salts; BCP denotes di-f-butylcyclopropenylidcne; ACP denotes bis(diisopropy1a- 


'Obtained by '-C-satellites of "'5Pt-NMR. ' H. C. Clark and R. J .  Puddephatt, Inorg. Chem. 10, 171 1 (1971). 
". C. Clark and J. E. H. Ward, J. Am. Chem. Soc. 96, 1741 (1974). 
hM. H. Chisholm cf a [ . ,  J. Am. Chem. SOC. 95, 8574 (1973). 
' W. J.  Cherwinsky, B. F. G. Johnson, J .  Lewis, and J.  R. Nor ton ,  J .  Chem. SOC. 


J J .  D. Ruddick and B. L. Shaw, J .  Chem. SOC. A .  2964 (1969). 


mino)cyclopropen y l iden~.  


Dalfon. 1 156 ( 1975). 
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I I 


Figure 2. Plots of 'Jprc. vs. 's' o/o character of the ligating n-hybrid orbital of carbon ligand estirnatcd based on formal 
hybridization 


As is demonstrated by the solid line and open circles in Figure 2, the '.IptC for 12a, 14b and 
15b varies in proportion to the 's' % of the carbon a-orbital. The 'JPlc. (673 Hz) for 
PtC1(PMe2Ph)2CH3 (1%) reportedxa matches the correlation also. The anomalous behavior of 
the CO complex can be observed also in the case of phosphine series. It seems likely that the 
lJPtc values for the Pt-CO complexes deviate from the linear relationship for some reason(s) 
which does (do) not operate in the case of R = CH;, C6H; and f-BuCrC-. 


The relationship obtained, equation (l), can be explained in terms of the appropriate form 
of the treatment of coupling constants by Pople and Santry, equation (2)," 


' J p l c  (obsd.) = 28-03 x 's' (1) 


JptCccYpiYCa2pta:.I~pi~~,,~(O)1*1~c(2s)(0)I2(AhE)-' (2) I 


where y is the magnetogyric ratio of the nucleus; a' is the 's-character' of the hybrid 
orbital; I1$~(,,,(0)l' is the valence s-electron density at the nucleus; and A E  is an average 
excitation energy. Comparing the empirical relation, equation (l), with the theoretical 
equation (2), it can be inferred that A E ,  a$ and I I$~( ,~~) (O) (~  change relatively little and the 
change in a$ should be the main factor to change the ' J .  


It thus appears that 'JptC provides direct information about the carbon 2s contribution to the 
Pt-C, bond, if the comparison is performed for closely related complexes in which the 
Pt-C, bond can be regarded as a pure 0 linkage.14 However, in case the JC interaction 
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contributes to the metal-carbon bonding, the effect of the x component, if any, should be 
taken into account in interpreting individual 'Jptc values. 


Thus, detailed discussion on the Pt-cyclopropenylidene bond should be preceded by 
examining the possibility for the n component to influence lJptc values. Although it is now 
well accepted that a non-Fermi contact mechanism such as x transmissionIs is r~egligible,~ 
there are two possible ways by which n type bonding interaction could give variation to '1 
values. (a) As the Pt-C bond length is decreased by the pn-dn bonding interaction, "' a 
synergic increase of a-Pt-C bonding interaction would enhance C Y $ , / I $ ~ ~ ( ~ ~ , ( O ) ~ ~  in equation 
(2). (b) Removal of charge from the metal d-orbital(s) through x back-bonding might increase 
11$pt(h7)(0)12 due to the increase of an effective atomic charge on 6s orbital. The former 
mechanism has been employed by Grim and his c o - ~ o r k e r s ' ~  to interpret the variation of 
'J("P--'83W) in changing electronegativity of R3P in R3PW(C0)5. The latter has been 
indicated by Appleton, Clark and Manzer in their review, referring to the relevant discussion 
of center shift in Mossbauer spectroscopy, which depends on  s-electron density at the 
nucIeus.18 


Metal carbene complexes offer good empiricism for the argument, since metal-carbene 
bonds are written by a resonance structure (Figure 3 ) ,  in which JC bonding of the type of 
pn-dx is synergic with (r component." 


A B C 


Figure 3 .  Possible resonance structurcs in  a metal carbene complex 


The 'Jplc value for truns-PtCI(AsMe3)2( : CMeNMe2) 18a has been determined to be 
1070 Hz.'" Since the plausible hybridization of the a-bonding at the carbene carbon is sp2, the 
observed value (1070 Hz) is much larger than the estimated '.Iptc value (860 Hz) for sp2 carbon 
for the ursine series (Figure 2). The large discrepancy should be explained in terms of the n 
bonding interaction depicted by A in Figure 3 based on the mechanism (a) and/or (b). 


It has been described that in the series of truns-[PtMe(AsMe,>,(: CXMe)]+PF;, '.Iptc 
decreases in the order X = OMe (17b, '1 = 759 Hz) > X = NMe, (18b, 'J = 694 Hz).'" 
Because of the strong n electron-donating nature of N atom compared with that of 0 atom, 
the resonance form B is more significant in 18b than in 17b, i.e. the resonance form A is less 
significant in 18b than 17b. Thus, the trend of 'JPtc, 17b >18b, is also attributable to the 
difference in the n bonding interaction. 


AsMea 


C Z P t - R  


AsMe3 


Me \ '  
/ I  


17a : R = C I ,  X = OklC 


17b : R = Me, X = O W  
18a ; R = C1, X = NMeZ 


18b : R = Me, X = NRIe2 
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The coupling constants ('Jplc) for 17b and 18b increase in the order 17b (360 Hz) < 18b 
(385 Hz), and this trend indicates the difference in magnitude of x bonding interaction. Since 
the JC bonding interaction is stronger in 17b than 18b, the o component should synergically 
increase in the order 17b > 18b. Any strengthening of the bond occurs at the expense of the 
Pt-L bond trans to the carbene carbon"' resulting in the trans-influence order of 
: C(0Me)Me > : C(NMe2)Me. Among the carbon ligands, CH,, C6H,, t-BuC=C-, and C O  
in Table 2, Co is conspicuous in its tendency to make strong x bonding between transition 
metals. Therefore, it seems reasonable to attempt to explain the anomalies of 'JprCo for 13a 
and 13b in terms of the n back-bonding interaction. 


As mentioned above, there are many indications that the n bonding interaction between Pt 
and carbon ligands increases 'IptC values. Therefore, the effect of d--n* on ' J  value must be 
taken into account in the interpretation of the coupling constant when a carbon ligand 
possesses low-lying n* orbital(s). Cyclopropenylidene platinum complexes are such cases, 
since u-JC synergic bondings can be considered for the Pt-cyclopropenylidene bond. 


However, no anomalies were observed for lJptC for l l a  and l lb .  A linear relationship 
between 'JptC and 's' % character (Figure 2) affords 49% 's' character of the ligating u-orbital 
of carbene carbons for l l a  and l l b .  The result is in good agreement with the argument that the 
e m  a-orbitals of a cyclopropenium ring carbon possess sp configuration.2' Consequently, it 
can be deduced that the absolute magnitude of the Pt-cyclopropenylidene x interaction may 
be negligible. 


There might be another interpretation for the lJptC values for 11. That is, the hybridization 
of the e m  a-orbital of cyclopropenylidene is less than sp in 's' character and x bonding 
interaction of considerable magnitude enhances the 'JPtc to afford the observed values. 
However this explanation seems unlikely because of the following reason. Since ACP would 
be much less likely than BCP to form JC bonding, the order of 'JptC of Pt-BCP > Pt-ACP 
should be anticipated, which immediately contradicts the fact that l l a  and l l b  reveal 
essentially identical values of ' J P , ~ .  


As is well known, 'JptC magnitude is sensitive also to the hybridization of Pt-C bonding at 
Pt n ~ c l e i . ~  The coupling constant ratio, 7a/6a = 1.4, is close to the ratio 1.5 of 7a/6a in 
6s-character for Pt" (dsp2) and Pt'" (d2sp-'). A similar trend has been observed by Pregosin and 
Venanzi in the case of Pt--"'P couplings.22 Correlations of this type can be applicable only 
when factors other than the hybridization at platinum are fixed. Thus, trans-ligand to BCP in 
6a is probably CI- which is trans-ligand to BCP in 7a. 


Electronic structure of the platinum-cyclopropenylidene bond 


We have found that comparing coordinatively unsaturated species PdC12(BCP) and 
PdC12(ACP), the former is stronger than the latter in Lewis-acidity." This fact indicates that 
the metal is more electron deficient in the former species than in the latter one. The cationic 
complexes [P~CI(PBU~>~(BCP)] 'CIO~ ( l la )  revealed a larger negative (< -2.0 V) reduction 
potential than tri-t-butylcyclopropenium perchlorate t-Bu(BCP)+ClO, (- 1.5 1 V) indicating 
that PtC1(PBu3)2 group stabilizes the positive charge o n  the C3 core more effectively than 
t-Butyl group. I t  is usual in rationalizing this kind of experimental data to postulate a 
significant amount of JC back-bonding. For example, the difference in Lewis-acidity between 
PdC12(BCP) and PdCl2(ACP) might be attributable to the difference in x acidity between BCP 
and ACP. In this study, however, NMR parameters have afforded no indications for JC 
back-bonding interaction in both BCP-Pt and ACP-Pt. 
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Next we would examine o electronegativity of ligand carbons, i.e. an electron flow through 
o linkage. There are indications that the C3 core of the diaminocyclopropenium system is 
relatively electron rich due to the strong n donating property of the NR2 group. In one study of 
cyclic voltammetry, 23b (R2N)$; did not reveal a reduction wave within low voltage limit of 
-3.0 V (vs. SCE), whereas two oxidation waves were observed at +11-12 V and +2-1 V 
indicating a generation of a trication. Acid catalyzed H/D exchange reaction of 
2,3-bis(dialkylamino)cyclopropenium ion at C, also demonstrates the relatively electron rich 
property of C1.23c Although the electron release from NR2 occurs in the x system of ACP, it 
might reduce the net electronegativity of the carbene carbon. In the case of the BCP system, 
on the other hand, the C3 core may be electron deficient being devoid of efficient electron 
releasing groups. Thus, the carbene carbon of BCP would be more electronegative than the 
carbene carbon of ACP. 


In connection with the o inductive series of ligand carbons, 'Jptp for P ~ C I ( P B U ~ ) ~ R  should be 
informative. As shown in Table 1, the cis-influence order of PhCGC- > t-BuCrC- > C,H, 
> CH, was obtained. The order can be directly correlated with the electr~negativity~~ series 
of the ligand carbon. Although theory on the nmr cis-influence is not so clear as nmr 
trans-influence, the cis-influence order can be explained based on the idea presented by Allen, 
Pidcock and W a t e r h ~ u s e ~ ~  saying that CH, reveals lower nmr cis-influence than CI- in 
comparing 'Iptp of 1719 Hz and 1856 Hz for cis-PtC1(CH3) (PEt3), and cis-Pt(CH,),(PEt,),, 
respectively. They explain the fact in terms of the higher value of )q+t(hyt(0)12 for the former 
complex than the latter, owing to the strong o donor ability of CH;. This approach seems 
quite successful in explaining the nmr cis-influence order observed in the present study, which 
can be correlated with the electronegativity order of the ligand carbon. The magnitude of the 
cis-influence of BCP is higher than ACP and the highest among the carbon ligands listed in 
Table 1. This fact indicates that BCP is stronger than ACP in o electron-withdrawing property, 
and is strongest among the carbon ligand listed in Table 1 .  


Although x interaction comes to mind first in considering cyclopropenylidene metal 
complexes, it seems that the Pt-BCP and Pt-ACP bonds are almost pure u linkage, and 
electron flow in Pt-C, occurs via the o component rather than the x component. This might 
be partly due to the particularity of cyclopropenium derivatives, the o polarizability of 
substitutents being much more effective than x delocalization of the positive charge over 
substituents in stabilizing the system.26 


CONCLUSION 


13C- and 19'Pt-NMR parameters derived from both the series, Pt(CP)2L, and trans- 
PtCI(PBu3),R, afforded the information for the nature of platinum-CP bond as follows: ( 1 )  
cyclopropenylidene derivatives reveal a strong nmr trans-influence indicating an appreciable u 
donor power of the ligands. ( 2 )  pn-dn bonding interaction plays a minor role in 
Pt-cyclopropenylidene bonding, and hence, (3)  the transmission of the electronic effects of 
the groups of cyclopropenylidene occurs mainly through u linkage of the Pt-CP bonding. 


Other results from the present study are as following. An excellent line through the origin 
was obtained between 'JptC and the formal 's' % character of the carbon (C,) directly bonded 
to Pt for a series trans-PtCl(PBu&R in which the Pt-C bond is viewed as a pure o-linkage. In 
the case where the ligand carbon possesses low lying n* orbital(s) which possibly form pz-dn 
bonding, the 'JptC deviates from the relationship largely in a positive direction, 
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EXPERIMENTAL SECTION 


All melting points were determined on a Yanagimoto micro melting point apparatus. Infrared 
spectra were measured with a JASCO A-102 or a HITACHI EPI-G3 spectrophotometer. 'H-, 
I3C-, 31P- and "'Pt-NMR were recorded on  a JEOL JNM-FX90Q system and a Jeol JNM-GX 
400. Chemical shifts in 'H- and "C-NMR spectra were expressed in ppm unit relative to 
tetramethylsilane. Chemical shifts in '"Pt-NMR spectra are reported in ppm relative to 
H2PtC16 (D20) and the negative signs denote higher field direction. Cyclic voltammograms 
were obtained on a Yanaco voltammetric analyzer Model P-1000. The elemental anlyses were 
performed at the Microanalysis Center of Kyoto University. Benzene and ether were distilled 
over sodium/benzophenone. Methylene chloride was distilled over calcium hybride. 
Tributylphospine was freshly distilled before use. Other chemicals were commercially 
available reagent grade and were used without futher purification. 


cis-PtCI4(BCP)z ( 6 4  


A mixture of 1.3 g (7.7 X loP3 mol) of di-t-butylcyclopropenone26" in 10 ml of oxalyl chloride 
was refluxed under argon for 1 hr, and then excess oxalyl chloride was removed by pumping. 
The residual di-t-butyldichlorocyclopropene was added to a suspension of 1-5 g (7-7 x lop3 g 
atom) of platinum black in 25 ml of dry benzene. All the procedures were performed using a 
glove box to avoid the exposure of materials to air. The mixture was refluxed for 72 hr under 
positive Ar pressure (balloon). Unreacted platinum black was removed by filtration and 
washed with CHzClz. The filtrate and the CH2Clz layer were combined and concentrated in 
vucuo to give a pale yellow solid of crude 6a. Recrystallization from CH2Cl2 afforded yellow 
crystals of 6a (0.97 g, 1-5 X lo-' mol, 19%): mp 218°C (dec.); 'H-NMR (CDC13) 6 1-51 (s, 
36H); ''(2-NMR (CDzC12) 6 28.11,35-26, 166-6 (IJptC = 1040Hz), 195.3; '"'Pt-NMR (CDC13) 
6 -715 ppm; IR (KBr) 2950, 1480, 1328, 1226, 1220 cm-'. Analysis Calculated for 
C22H3hC14Pt: C ,  41-45; H ,  5.69; C1, 22-25. Found: C, 41.50; H ,  5-69; C1, 22-19. 


cis-PtC12(BCP)2 (7a) 


A mixture of 188 mg (2-95 X loP4 mol) of 6a and 56 mg (2-95 x mol) of anhydrous 
SnC12 was stirred under argon at room temperature. After stirring for 1 hr, the yellow solution 
turned colorless. The remaining SnC12 was filtered off and the filtrate was evaporated under 
reduced pressure. The residual solid was washed with benzene and recrystallized from 
ether/MeOH to afford white crystals of 7a (55 mg, 9.7 x lo-' mol, 33%): mp 263°C (dec.); 
'H-NMR (CDC13) 6 1-38; "C-NMR (CD,CI)6 27.9, 34.7, 178.8 ('Jp,c = 1438 Hz), 1934; 
'"'Pt-NMR (CDC13) 6 -3315 ppm; IR (KBr) 2950, 1474, 1370, 1330, 1230, 1176 cm-'. 
Analysis Calculated for C22H3hC12Pt: C, 46-65; H, 6.41; C1, 12.52. Found: C, 46.50; H, 6.35; 
CI. 12.40. 


tran~-PtCl~(ACP)~ (8b) 


Bis(diisopropy1amino)cyclopropenium perchlorate (2.5 g, 7.5 x mol) was sus- 
pended in 150 ml of anhydrous ether and warmed to 30°C under argon. To the suspension was 
added 6 ml of n-butyllithium in hexane (1.6 M) with stirring, and after a few minutes the 
suspension turned homogeneous. The solution of bis(diisopropy1amino)lithiocyclopenium 
perchlorate (9)3d thus obtained was transferred under argon to a constant pressure addition 
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funnel and added dropwise over 0-5 hr to a stirred suspension of 1 g (3.8 x mol) of PtCI, 
in 60 ml of ether. After stirring for 10 hr ,  undissolved materials were filtered off and washed 
with CH2CI2. The filtrate was concentrated under reduced pressure. Chromatography on silica 
gel with CH2CI2 followed by recrystallization from ethedacetone afforded white crystals of 8b 
(112 mg, 1.52 x mol, 4%): mp > 300°C (dec.); 'H-NMR (CDCl3) 6 1.55 (d, 48H), 3.74 
(sept, 8H); "C-NMR (CD2C12) 6 21.5, 51.2 (br), 136-0 ('Jp,c = 986 Hz), 146.7; '"'Pt-NMR 
(CD2C12) 6 -3150 ppm; IR (KBr) 2975,2935,2880, 1854, 1490, 1467, 1378, 1337, 1183, 1166, 
1023,648, 542,502 cm-'; FIR 324 cm-'. Analysis Calculated for C30H5hC12N4Pt: C, 48.77; H, 
7.64; N, 7.58; CI, 9-60. Found: C, 48-92; H, 7.74; N,  7.41; CI, 9-58. 


cis-Ptlz(ACP)z (7c) and trans-Ptlz(ACP)z (8c) 


To a suspension of 500 mg (9-0 X mol) of Ptl, (COD) in 10 ml of anhydrous ether was 
added a solution of bis(diisopropylamino)lithiocyclopropenium perchlorate (9)3d (2-97 = lo-' 
mol) in 90 ml of ether at -54°C under argon atmosphere. After 10 hr stirring at the same 
temperature, the solvent was removed under reduced pressure. The residue was idssolved in 
CH2C12 and treated with a saturated aqueous solution of NH4CI. The organic layer was 
evaporated and the residue was dissolved in 14 ml of CH2CI2 and 10 ml of MeOH. To the 
solution was added 0.05 ml of CH3COCI at room temperature. Ater 1 hr stirring, the solution 
was concentrated slowly under reduced pressure. During the concentration, a yellow solid 
precipitated. Successive recrystallization from MeOH afforded pale yellow crystals, a mixture 
of 7c and 8c, with a combined yield of around 20%. The 7cBc ratio of this stage determined by 
'"Pt-NMR largely depended on the temperature during the procedure and/or other unknown 
factors. The isomers were separated by developing on a PLC (silica gel) with CH2C12/ether 
(50/1) at - 15 "C. Both the isomers were recrystallized from acetone to afford their pale yellow 
crystals. The complex 7c gradually isomerized to 8c in solution, and therefore perfect 
purification of 7c could not be attained. Spectroscopic and elemental analyses were performed 
on a sample of 7c containing a few percent of 8c. 


7c.  Yellow crystals; mp > 300°C (dec.); 'H-NMR (CDC13) 6 1-50 (d, 48H), 3.75 (m, 8H); 
"'Pt-NMR (CDC13) 6 -3922 ppm; IR (KBr) 2950, 1840, 1328, 1160 cm-'; FIR 134 cm-'; 
Analysis Calculated for C3,1H5612N4Pt: C, 39-09; H, 6.12; N ,  6.08; I ,  27.54. Found: C, 39.38; 


&. Yellow crystals; mp > 300°C (dec.); IH-NMR (CDC13) 6 1-49 (d, 48H), 3.79 (m, 8H); 


ppm; IR (KBr) 2950, 1840, 1328, 1160 cm-'; FIR 193 cm-'. Analysis Calculated for 
C30Hs612N4Pt: C, 39.09; H, 6-12; N, 6-08; 1,27-54. Found: C, 39.13; H, 6-17; N ,  6.07; 1,27-49. 


H, 6.26; N, 6.08; I ,  27.74. 


13C-NMR (CDC13) 6 22.8, 51.0, 131.8 ('Jptc = 935 Hz), 146.6; '"'Pt-NMR (CDCI3) 6 -4718 


trans-PtICI(ACP)2 (8d) 


To a stirred solution of 255 mg (2.77 x mol) of 8c in 10 ml of CH2CI2 was added a 
solution of 260 mg ( I  -01 X mol) of CF3S03Ag in 10 ml of CH3CN at room temperature. 
After stirring for 3 hr, precipitated silver iodide was filtered off, and to the filtrate was added 
1.34 g (8.08 X mol) of Et4NCI. The slightly yellow solution was stirred at room 
temperature for 1 hr, and concentrated to dryness in vacuo. To the residue was added 20 ml of 
CH2CI2, and the solution was stirred for 10 hr. The mixture was washed with water, and the 
organic layer was dried over anydrous Na2S04. After removal of the solvent, chromatography 
of the residue on silica gel with CH2CI, followed by recrystallization from ether/Ch2Cl2 
afforded yellow crystals of 8d (32 mg, 3.85 x lops mol, 14%): mp > 300°C (dec.); 'H-NMR 
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(CDC13) 6 1.55 (s, 48H), 3.77 (m, 8H); "'Pt-NMR (CD2C12) 6 -3928 ppm; IR (KBr) 2975, 
2930, 2875, 1850, 1487, 1455, 1336, 1183, 1162, 1020, 890, 646, 542, 500 cm-'. Analysis 
Calculated for C30Hs6CIIN4Pt: C, 43.40; H, 6.80. Found: C, 43-67; H , 6-74. 


cis-PtCI2(PBu3)(BCP) (10) 


A mixture of 215 mg (1-29 x mol) of di-t-butylcyclopropenone and 5 ml of oxalyl 
chloride was refluxed under argon for 1 hr, and then excess oxalyl chloride was removed by 
pumping. To the residue was added a solution of 600 mg (6.41 X mot) of Pt2C14(PB~3)227 
in 10 ml of dry benzene; and the mixture was refluxed under argon for 17 hr. Chromatography 
of the reaction mixture on silica gel with CH2C12/ether (1/1) followed by recrystallization from 
pentane/ethyl acetate afforded 163 mg (2-64 x mol) of white crystals (22%): mp 147°C; 
'H-NMR (CDC13) 6 0-90 (m, 9H), 1-46 (s, 18H), 1-46 (m, 18H); "C-NMR (CD2C12) 6 13.25 
(s), 23.43 (t, J = 19Hz), 24-09 (s), 25.85 (with satellites J = 29Hz), 27.22 (s), 34.21 (s). 
184.83 (d, 2Jpptc = 7.4 HZ, 'JptC = 1400 Hz), 192.56 (2Jplcc = 10Hz); "P-NMR (CDC13) 
6 +1.74 ppm (IJptp = 3604 Hz); IR(KBr) 2960,2925,2875, 1485, 1466, 1350, 1180, 1100,910, 
733, 620, 465 cm-I. Analyses Calculated for C23H45C1ZPPt: C, 44.66; H, 7.33; CI, 11.46; P, 
5.01, Found: C, 44.38; H, 7.31; CI, 11.67; P, 4.73. 


tran~-[PtCl(PBu~)~(BCP)]+ClOi(l la)  


To a solution of 139 mg (2.25 X mol) of 10 in 2 ml of benzene was added 0.06 ml of PBu3. 
After stirring for 5 minutes the solvent was removed, and the residue was dissolved in 3 ml of 
CH2C12 and shaken with 5 ml of aqueous saturated KC104. The CH2CI2 layer was washed with 
three 2 ml portions of water and dried over anhydrous Na2S04. Removal of solvent and 
crystallization from ether/CH2C12 afforded 164 mg (1.85 x mol) of white crystals (66%): 
mp 167°C (dec.); I H-NMR (CD2Cl2) 6 0.89 (m, 18H), 1-47 (s, 18H), 1.47 (m, 36H); 
"C-NMR (CD2C12) 6 13-25 (s), 21.48 (center of 5 resonances), 23-89 (t, J = 7.4 Hz), 26.11 
(with satellites J = 22Hz), 27.29 (s), 34-60 (s), 184-73 (lJptC = 1369 Hz, 2Jpplc = 8-8 Hz), 
194.98 (3Jpplcc =1.5 Hz); '"Pt-NMR (CDCQ S -4236 ppm (2Jplp = 2250Hz); "P-NMR 
(CDC13) 6 +7.66 ppm; IR (KBr) 2960,2925,2875, 1480, 1467, 1343,1330, 1095,907,620,445 
cm-I. Analyses Calculated for C35H72C12P2Pt: C, 47.51; H, 8-20; CI, 8-01; P, 7.00. Found: C, 
47-56; H, 8.46; CI, 8-06; P, 6.72. 


Preparation of tr~ns-PtCl(PBu~)~L; 12a (L = t-BuC-C), 14b (L = CsH5), 15b (L = Ch3) 


12a was prepared by modification of the procedure to synthesize trans-PtCl(C-CPh) (PR-J 
reported by Chatt and S h a ~ ~ ~ , ~ .  14b"" and 15byC were prepared according to the method 
indicated in literature using PBu3 in place of various phosphines in their descriptions. 


tran~-PtCI(PBu~)~(CrCBu-t) (12a) 


Sodium amide in liquid ammonia was prepared by the usual manner from 0-1 g of sodium 
(4.35 x l r 3  rnol) in liquid ammonia (cu. 30 ml). To this was added 0.3 g (3.60 X mol) of 
t-butylacetylene. After stirring for 3 hr at -3O"C, 2.14 g (3.19 x lop3 mol) of truns-PtCI, 
( P B u ~ ) ~ ~ ~  was added. After stirring for 12 hr, anhydrous NH&l (0-4 g) was added and the 
liquid ammonia allowed to evaporate. The residue was extracted with CH2CI2 and washed 
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with water. The CHzClz layer was dried over anhydrous Na2S04, the solvent was evaporated, 
and the residue was chromatographed on silica gel with CHClo to yield 0.3 g of colorless 
viscous liquid (13%): 'H-NMR (CDC13) 6 0.91 (m, 18H), 1.15 (s, 9H), 1-47 (m, 24H), 1.93 
(m, 12H); 13C-NMR (CDCl3) 6 13.46, 21-54 (center of 5 resonances), 23.98 (t, J = 6.7 Hz), 
25-76 (with satellites J = 21 Hz), 29-23, 31.99 with satellites J = 11 Hz), 6348 (t, *JpPtc = 15 
Hz), 107.68; '"Pt-NMR (CD2C12) 6 -4453 ppm ('Jptp = 2419 Hz, 'Jcpt = 1413 Hz); 
31P-NMR (CDCI3) 6 + 6-67 ppm; IR (neat) 2960,2925,2865,2120 (C-C), 1468, 1252, 1092, 
902, 720, 528, 440 cm-I. Analyses Calculated for C30H63CIP2Pt: C, 50.30; H, 8.86; P, 8.65. 
Found: C, 5044; H, 9.97; P, 8.74. 


tran~-PtCl(PBu~)~(C~H~) (14b) 


White crystals; mp 70-71 "C; 'H-NMR (CDD13) 6 0.93 (m, 18H), 1.49 (m, 36H), 6-9-7.4 (m, 
5H); "C-NMR (CD2C12) 6 13.8 (s), 21.4 (center of 5 resonances), 24.5 (t, J = 6.7 Hz), 26-1 
(with satellites J = 22Hz), 121.7 (4Jp,cccc = 15 Hz), 127.7 (3Jplccc = 73Hz), 137-6 


ppm (lJPtp = 2771 Hz); "P-NMR (CDCIo) 6 +6.20 ppm; 1R (KBr) 3050, 2970, 2925, 2865, 
1574, 1462, 1207, 1090 cm-'. Analysis Calculated for C30Hs9CIP2Pt: C, 50.59; H ,  8-35; CI, 
4-98. Found: C, 5042; H, 8-27; CI, 5.01. 


('Jptcc = 4.9Hz), 138.3 ('Jcpt = 935 Hz, 'Jcptp = 9.2 Hz); '"Pt-NMR (CDCl3) 6 -4267 


trans-PtC1(PBu3)(CH3) (15b) 


Colorless liquid; 'H-NMR (CDC13) 6 0.29 (t, 3H, 2JptcH = 84 Hz, 3JpptCH = 6-4 Hz), 0-90 
(m, 18H), 1-42 (m, 24H), 1.80 (m, 12H); "C-NMR (CDCQ 6 -23.7 (t, *JpPtc = 6,8Hz, 
JptC = 694 Hz), 13.31 (s), 20.51 (center of 5 resonances), 23.76 (t, J = 5.9 Hz), 25-67 (with 


satellites J = 22 Hz); "'Pt-NMR (CDCl3) 6 -4482 ppm ('Jptp = 2795 Hz); 31P-NMR 
(CDC13) 6 +740 ppm; IR (neat) 2960,2930.2865, 1468, 1210, 1093,900,723,550,440 cm-'. 
Analysis Calculated for C25H&1P2Pt: C, 44-18; H, 8.84; P, 9.53; CI, 5.45; Found: C, 45-95; 


1 


H, 8.71; P, 9-60; CI, 5-35. 
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GENERATION OF &-OX0 SELENOALDEHYDES BY TREATMENT 
OF &,a’-DIKETO SELENIDES WITH BASE 


JUZO NAKAYAMA” AND YOSHIAKI SUGIHARA 
Department of Chemutry, Faculty of Science, Suitama University, Urawa, Saitama 338, Japan 


ABSTRACT 


Treatment of a,or’-diketo selenides, which recently became readily obtainable, with base affords a-0x0 
selenoaldehydes and ketones. The seleno-carbonyl compounds thus formed are reactive transient 
species, but can be trapped by Diels-Alder reaction to give 3,6-dihydro-2H-selenapyran derivatives in 
moderate to good yields. 


Chemistry of selenoaldehydes is of current interest. Ips We have recently reported a convenient 
modified synthesis of &,&’-diketo selenides (l).‘ Herein we report that treatment of 1 with 
base generates a-oxo selenoaldehydes and selenoketones (2), which can be trapped by 
Diels-Alder reaction to give 3,6-dihydro-2H-selenapyran derivatives (3) in moderate to good 
yields. 


2 R 1 -CO-CH2-R 2 


l a - f  


1 2 
6 5’ a: R =C H R =H 


b: R 1 =4-MeC6H4, R 2 =H 


1 2 c: R =4-MeOC H R =H 
1 2 d: R =2- th ieny l ,  R =H 
1 2 e: R =C6H5, R =Me 
1 2 


6 4’ 


f: R =t-BU, R =H 


XI >ct” 9 


3a-f 
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Table 1. Generation of seleno-carbonyl compounds 2 from diketo selenides I and their trapping by 
Diels-Alder reaction" 


run diketo 
selenide base (equiv.) 


1 l a  EtiN (1.1) 
2 Ib EtqN (1.1) 
3 l c  EtTN (1.1) 
4 Id EtTN (1.1) 
5 l e  KOH (0.1) 
6 If KOH (0.1) 


time 
( h )  


adduct" 
(yield, %) 


6 
10 
11 
5 
1 
2 


3a (70) 


3c (65) 


3e (33) 
3f (58 )  


3b (62) 


3d (72.5) 


"The reaction was carried out in  the presence of 5 equiv. of 2,3-dimethyl-l.3-hutadiene in refluxing methanol 
"In every case the ketones (RiCOCH,R2) werc isolated in h2-107Gt yields except run h. 


Treatment of diphenacyl selenide (la,  2 mmol) with triethylamine (2.2 mmol) in boiling 
methanol (30 ml) for 6 h affords an intractable mixture containing acetophenone as the only 
identifiable product. However, the reaction carried out under the same conditions in the 
presence of 2.3-dimethyl-l,3-butadiene (10 mmol) affords the selenapyran derivative (3a) in 
70% yield.'$ Compound 3a corresponds to the Dicls-Alder adduct of the selenoaldehyde (2a) 
with the diene. Acctophenonc (104%) is another product.: The reaction seems to occur in an 
E2 mechanism as depicted in the scheme since the reaction rate depends on the amount of 
triethylamine used. Diphenacyl sulfide does not undergo the corresponding thioaldehyde- 
forming reaction. Therefore. the driving force of the present reaction sterns from the weaker 
bond strength of the C-Se bond compared with the C-S bond. Although the reaction was 
examined by using a variety of bases and solvents. the yield of 3a was the best when la  was 
simply heated with triethylamine in refluxing methanol.$: 


In a similar way, several diketo selenides (1) were treated with bases in rcfluxing methanol 
and the resulting seleno-carbonyl compounds were trapped by 2,3-dimethyl-l,3.-butadiene. 
Results are summarized in Table 1. Run 5 shows that the present method is also applicable to 
the generation of selenoketones. But in this case and in run 6, better yields of adducts were 
obtained by use of 0.1 equiv. of potassium hydroxide as the base instead o f  1.1 equiv. of 
triethylamine. S 


In  summary readily accessible diketo selenides scrve as convenient precursors for 
generation of reactive dienophilic a-0x0 selenoaldehydes and ketones. 
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1,8-DIAZABICYCL0-[5,4,0]-UNDEC-7-ENE 
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ABSTRACT 


The title reaction is an instance of a simple nucleophilic attack of neutral nitrogen on aromatic sp2 
carbon. The kinetic data (obtained in dimethyl sulphoxide) are compared to the results reported by the 
literature for the same reaction of aliphatic amines. Some possible interactions (substrate/nucleophile, 
substratelsalt) preceding the attack of the nucleophile are discussed. 


The formation of 0 complexes between nitro-aromatic compounds and primary o r  secondary 
amines was extensively investigated.' The formation of zwitterionic complexes may be 
complicated by the deprotonation of the positive nitrogen by an equilibrium affording CJ 


anionic complexes,' according to Scheme 1. 


Scheme 1 H H 
/ -H' / 


Ar + HNR2 A r  Ar 
\+  \ 


/ 
H 


N R2 N R2 


Generally, tertiary amines show3 weak interactions with very activated nitroaromatic 
compounds (such as I ,3,5-trinitrobenzene, TNB) and few examples of formation of 
zwitterionic complexes are reported4 in the literature. Tertiary amines are interesting 
nucleophiles to  investigate the simple attack on sp2 electron deficient carbon atom, without 
the following equilibria of proton abstraction. 


In principle, cyclic imines o r  imidines are better nucleophiles5." than tertiary amines which 
are  sterically hindered nucleophiles. 


To learn more about the attack of the nucleophile in SNAr reactions, we present some 
quantitative results on  CJ complex formation between TNB and 1,8-diazabicycl0-[5,4,0]-undec- 
7-ene (DBU) in dimethylsulphoxide (DMSO). 
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RESULIS 


When appropriate solutions (in DMSO) of TNB and DBU are mixed, a red colour rapidly 
develops and the visible spectrum shows two new absorbance maxima (at h 517 and 438nm) 
which were ascribed by us’ to the presence of the B complex 1 


Scheme 2 


1 


Addition of H+ (H2SO4, HCI) to the reaction mixtures gave a fading of colour. 
The absorbance values recorded at infinite reaction time (A,)  were satisfactorily stable. 


Feeble variations (less than 5%) were observed after a time longer (2-3 times) than that used 
to obtain infinite absorbance values. 


K value (for the equilibrium of Scheme 2) calculated by the Benesi-Hildebrand plot (see 
‘Experimental’) from the A ,  values (K = 2.5 x lo4 mol-’ 1 E = 1.97 x lo4 at h = 517nm) 
under the experimental conditions [DBU]() > [TNBIo, agrees (within the experimental errors) 
with the K value (= 1.9 x lo4 mol-’ I ;  E = 1.92 x lo4; at h = 517nm) calculated from the 
A , values obtained under the experimental conditions [TNBIo > [DBUIo. [lo indicates the 
initial concentration values. 


Finding close K and E values under both experimental conditions, indicates (in most of the 
range of concentrations used here) that the red colour development may be related to the 
simple formation of a complex according to the stoichiometry ( 1 : l )  required by the 
equilibrium of Scheme 2 and it is unlikely to be related to the presence of some impurities of 


In  principle it is possible to assume that the red colour development arises from the presence 
of OH-, arising from the equilibrium between DBU and traces of water:8 DBU + H 2 0  
S D B U H +  + OH-. 


In addition to the previously reported indications,’ we emphasize that the observed 
absorbance values at infinite time of reaction ( A  ,) under the experimental conditions [TNB]{, 
> [DBU]” agrees well with the A,  values obtained when DBU is used in excess. 
Consequently, the presence of a (7 complex involving water or a hydroxyl ion may be ruled out. 
In any case, we carried out some runs in the presence of water. The water influence on the A 
values, under both experimental conditions, ([DBU],) > [TNB]() and [TNBIo > [DBU],,) is 
very feeble. A, value is 10% higher than A, value obtained in the absence of added water, for 
the run with the highest water concentration (5.5 x 


A, enhancement is also observed for the runs carried out in the presence of 
tetraalkylammonium halides. In this case A ,  value is 5 4 %  lower than the value calculated by 


DBU.* 


mol I - ’ ) .  
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Table 1 .  Reactions between TNB and D B U  in DMSO at 25 "C 


[TNBlo = 7-8 X lop5 (mol I - ' )  
lo4 x [DBUItI (mol I -  1 2.55 2.81 3.06 3.83 4.04 5.11 5.91 7-66 8.90 10.2 
lo4 x koh\ ( 5 - ' )  2.12 2.25 2.46 3.20 3.26 4.15 4.50 6-00 6.50 7.50 


[DBUIo = 6.4 x (mol I-') 
lo4 x [TNB],, (mol I-') 2.60 3.47 4.96 6.61 8.02 
104 x kob, (s-~)  1.26 1-62 2.20 2-87 3.37 


lo4 x [TNBII) (mol I-' )  2.46 2.46 2.46 2.46 0.794 0.794 0.794 
lo4 x [DBU](, (mol I - ' )  0.695 0.695 0.695 0.695 3.90 3-83 4.76 


0.0736 0.147 55 - 0.175 0.175 
lo4 x k&\(S-') 1.24 1.33 1.32 1.40 3.25 4.00 4.50 
lo" x [HzO], (mol I-') - 


the Benesi-Hildebrand plot and the measurements are unreliable for evaluating K value, 
because the equilibrium of Scheme 2 is too strongly shifted to the right. 


Kinetic results (kob, in s-') are collected in Table 1 .  In  the same table the results obtained in 
the presence of water are also reported. The reaction rate is hardly affected by the presence of 
the water. 


In the range of concentrations here used, the plot of koh, values (calculated by the initial rate 
method) against [DBUIo values is linear. Also under the conditions [TNB],) > [DBUIo at 
constant initial concentration value of DBU, the plot of k,,,,, values against [TNBIo values is 
linear. 


Table 2 collects some kinetic results obtained in the presence of tetra-n.butylammonium 
bromide (TBAB) or chloride (TBAC) and of tetraethylammonium chloride (TEAC). 


Table 2. Reactions between TNB and DBU in DMSO at 25 "C in the 
presence of ammonium salts. [TNBlo = 8.22 x lo-' (mol I-') 


[DBU],) = 5.91 x 
lo3 X [TBAB]" (mol I - ' )  


[TBAB]" = 1-18 x 
lo4 x [DBUlo (mol I - ' )  
lo4 X koh\ (s-I) 
[TBAC]' = 1.12 X lo-' (mol I - ' )  
lo4 X [DBU],, (mol I - ' )  


[DBUIo = 5.91 x 


(mol I-') 


103 x k,,l ,b(s-i~ 
(mol 1-'j 


x kohb (s-') 
(mol I - ' )  


x [ T B A C ~  (mol I-'j 
lo1 x kObb (s- 


(BDUlo = 5.91 X 


lo" x kohb (s- ) 


(mol 1 - I )  
lo7 x [ T E A C ~  (mol I- ') 


- 0.603 0.905 1-51 2.11 
0.450 0.724 0.775 144 1.29 


2.78 3.06 4.59 5.91 
4.28 4.50 6.97 8.70 


3.06 4.5Y 5.63 6.12 
6.15 9.72 11.2 12.3 


0-578 1.16 1.44 1.73 
147  1.27 1.34 1.36 


0.914 1.22 1-52 
1.24 1.32 1.34 


"TBAB = tetra-n.butylammonium bromide. 
'TBAC = tetra-n.hutylammonium chloridc. 
'TEAC = tetracthylamrnoniurn chloride. 
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DISCUSSION 


The reactions between TNB and amidines are reported by the literature to afford zwitterionic 
carbon-bonded complexes or rnetu-bridged complexes, via undetected nitrogen bond 
c o m p l e ~ e s . ~ , ~  The different products obtained depend on the structure of the starting 
amidine, of the nitro derivative and of the solvent. Preliminary investigation in weakly polar 
solvents (tetrahydrofuran, toluene) shows that some reactions different from that reported 
here (between TNB and DBU) take place. Under our experimental conditions, the step of 
formation of the zwitterionic complex 1 appears to be well separated from other possible 
processes. The present system is an example of zwitterionic complex formation without 
following equilibrium of proton abstraction. 


From the data in Table 1, kl (in s-I mol I-') and k - l  (in s-') values are calculated by using 
equation 1 


kobs = k -  1 + kl[R]O (1) 


where [R], means the initial concentration values of the reagent used in excess. k l  and Ll 
values (together with some significative parameters) are collected in Table 3. 


kl  value, calculated from the data of the runs carried ou t  by using an excess of TNB, is lower 
than the k ,  value calculated from runs with an excess of DBU. This difference is not very 
large, but i s  significant and it requires some comments. In the literature, the experimental 
conditions [nucle~phile]~) < [substrate], are unusual. In our previous investigations,"' we 
proposed that the first interaction between substrate and nucleophile, in scarcely polar 
solvents, is a rapidly established equilibrium yielding a molecular complex. Present 
experimental conditions do not allow investigations (at higher concentration of reagents) into 
molecular complex presence. The molecular complex mechanism is a difficult question" in 
aromatic substitution reactions. Many established examples of molecular complex interven- 
tion in electrophilic substitution reactions, leading to complications in kinetics, are reported.I2 
Some nucleophilic aromatic substitution reactions (showing anomalous kinetic features) are 
also reported to occur10'13,14 via molecular complexes. 


Owing to the simplicity of the present system, the interactions substratehucleophile, may be 
considered responsible for the observed difference in kl  values. In fact, it is reasonable to 
assume that in a polar solvent," (under the experimental conditions [substratelo > 
[n~cleophile]~)) the possible presence of a molecular complex depresses the reactivity of the 
system by depressing the concentration of the nucleophile, and thus the reactivity of the 
complexed substrate is lower than that of the free substrate. On the other hand, in a solvent of 
low polarity the substrate reactivity is enhanced by the presence of substances of high 
polarity (such as the same nucleophile, or the so-called catalyst: a-pyridone, tertiary amines) 
which assist the attack of the nucleophile by a molecular complex formation.'' In  this way the 
lower kl obtained from runs with a low concentration nucleophile is a logical consequence of 
the depression of the nucleophile concentration and of the lower reactivity of the complexed 
substrate in comparison to the reactivity of the 'free' substrate. 


kl values here reported are lower than k, values reported by the literature (in DMSO) with 
primary and secondary amines. 


For n-butylamine, benzylamine, i-propylamine, piperidine, pyrrolydine, kl values are (in s-I 
rnol-ll) 4.5 x lo4, 1.3 X lo4, 8 x lo3, > 6 x lo4 and 9 x lo3 respectively.' The nucleophilic 
power of the amidine used here is lower than that of the aliphatic amines. 
kPl  value for DBU is lower than the values reported for the above-mentioned amines. For 


instance," k-l~p,per,~~,ne~lk-lo > 2 x 10'. Since kPl  refers to the back reaction from the 
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Table 3. Kinetic and equilibrium constants for the reaction between TNB and DBU, in DMSO at 25°C 


kl" 10' x k a - , )  10' x Keh 
(s-' moI I - ' )  (s-') (mol-' I )  n' rd 


7.8 from 2.55 - 


from 26.0 0.64 - 
to 80-2 
8.2 from 2.78 TBAB 


8.2 from 3.06 TBAC 


to 10.2 


to 5.91 1.18 


to 6.12 1.12 


1.8 l(1 0-9978 0.70 t 0-1 


5 0.9997 
(2.2) 


0.39 ? 0-02 2.6 f 0.02 1.5 
(1-6) 


1.45 k 0.1 1.8 k 2.3 8.0 4 0-9986 


3.9 f 0.1 


2.01 k 0.3 1.7 _t 6 12 4 0.9962 


"Errors are standard deviations. 
bK, = k , / k - , ;  in brackets the values obtained from Benesi-Hildebrand plot, by using the 'infinite' absorbance values. 
'Number of points. 
"Correlation cocfficicnt. 


zwitterionic complex, the comparison between k - ,  values of DBU and k - ,  values of the 
aliphatic amines is a clear indication of the stabilisation of the adduct (1) of Scheme 2 by 
delocalization of the positive charge on the nucleophile moiety." Thermodynamic stability 
( K ,  values, see Table 3) of the complex between TNB and DBU is higher than the values of 
the stability constant of the TNBialiphatic amines complexes, reported in the literature. 


The data from the reactions carried out at constant concentration values of NBAB and 
NBAC, and at increasing initial concentration values of DBU (see Table 2) allow us to 
calculate the related k,  and values (see Table 3 ) .  The presence of 1 X lo-' moi I - '  of 
NBAB enhances the k,  value twofold. A similar amount of NBAC enhances k, value by 2.8 
times. k P l  value (although the statistical errors are very large, as expected when the intercept 
of the plot of equation 1 is very near to zero value) is slightly reduced by the salts presence; this 
effect may be related to a simple salt effect." 


Interesting details are from reactions carried out at constant initial concentration values of 
TNB and DBU and at variable [salt] values. The salt presence in the reaction mixture, in every 
case, enhances the kobs value, as expected when the reaction starts from neutral reagents to 
yield a transition state with strong charge separation.18 This effect is moderate, as expected by 
considering the high polarity of the solvent (DMSO) here used. The kohs values (reported in 
Table 2) are linearly increased by increasing the salt concentration only in the case of the 
ammonium bromide. Both the chlorides used give plots of kl,hs values against [salt] values with 
a downward curvature. The levelling off in kohs values by increasing the salt concentration is 
known" to arise at a higher salt concentration value than that here used, and the 'saturation' 
evidence is easily explained by the ion pairs presence. Under our experimental conditions, the 
structure of the counter ions and the range of concentration of the salts are arguments against 
this interpretation. Some effecs of the addition of salts to the reactions between nitro-activated 
substrates and primary or secondary amines are reported in the literature. The main efforts to 
explain the results, conceive the influence of salts on steps following the attack of the 
nucleophile. The assistance of salts to the leaving group departure'" or to the proton 
abstraction2' from the zwitterionic intermediates (see Scheme 1)  is claimed to be operative in 
generating some particular kinetic behaviour. 
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Salt effects similar to the salt effects reported by the literature are observed in the present 
system which does not show further steps after the attack of the nucleophile. 


A reasonable explanation of our data is the presence of a specific interaction between the 
substrate and the chloride ion. Recently the reactions between TNB and the hydroxide ion 
show evidences of the presence of n complex and of a charge-transfer complex on the reaction 
pathway affording a Meisenheimer 


A similar interaction (by a rapidly established equilibrium preceding the attack of the 
nucleophile) may be assumed in the case of the chloride ion and the shapes of the curves of 
plots of kc,b\ against [salt] are probably from overimposition of the complexation effect and the 
usual salt effect. 


EXPERIMENTAL 


Materials 


TNB and DBU werc commercial samples (Carlo Erba RPE) purified by previously described 
 procedure^.^ DMSO was purified by the usual procedure.23 TBAB, TBAC and TEAC were 
commercial specimens recrystallized from anydrous tetrahydrofuran, and dried by warming in 
vacuum for 5 hs. 


Kinetics 


Kinetic runs were performed by the usual method following the appearance of the reaction 
product (with a Perkin Elmer spectrophotometer model Lambda 5) at h = 517 nm. All the 
runs followed first-order kinetics. The reproducibility of k,,hs values, calculated by the initial 
rate method, was f 3%. 


Determination of (3 complex formation constant 


The u.v./vis. spectrophotometric method was K and E values (see text) for the 
zwitterionic complex (1) formation are calculated from the plots of [TNB]OIDBU]o/A values 
vs. [DBUIo or [TNB],, values. The linear relationship can be expressed algebraically by the 
following equations (calculated by least squares method) 


points = 9, r = 0.9979). 


points = 5,  r = 0.9985), under the experimental conditions [TNBIo < [DBUIo and [TNBIo > 
[DBU]" respectively (see Table 1). Errors are standard deviations. 


[TNB]o[DBU]o/A, = (5.08 x 


[TNB]o[DBU](dA, = (5.2 t 0.6) X lops X [TNBIo + (2.78 k 0.7) x 1 0 P ;  


f 5 X lO-"') X [DBU]o + (2.04 f 0.3) x lO-"; (a" of 


(no of 
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STUDY ON 5,15-DIALKYLPORPHYRINS 
INTERCONVERSION BETWEEN TWO 


CONFORMERS IN SOLUTION 


KAZUHIRO MARUYAMA*, TOSHT NAGATA AND ATSUHIRO OSUKA 
Department of Chemistry, Faculty of Science, Kyoto University, Kyoto 606, Jupun 


ABSTRACT 


Novel structural features of 5,15-dialkylporphyrins in solution are described. The 'H-NMR spectra of 
these compounds showed broad signals at room temperature, which split into two sets of signals at lower 
temperatures. This unusual phenomenon was ascribed to a dynamic interconversion between two 
distorted structures. The 5,lS-dialkylporphyrin has a distorted ring due to the steric hindrance between 
the S(or 15)-alkyl group and the 3,7(or 13,17)-alkyl groups and, depending on the position of the 
5,15-alkyl groups relative to the average ring plane, can exist in  two conformations; syn (where the two 
alkyl groups are on the same side of the ring plane) and anti (on the opposite sides). Preliminary kinetic 
study of this interconversion using the NMR line shape analyses is also reported. 


INTRODUCTION 


The  meso-substituted porphyrins seem to constitute an  especially unique group among a wide 
variety of porphyrin compounds. Woodward, in the course of his brilliant study of the total 
synthesis of chlorophyll, pointed out the proximity (about 3 A) of the meso-position and the 
neighboring P-pyrrolic positions in a porphyrin ring. ' Such proximity should cause the severe 
steric crowding between t h e  5-(meso-)alkyl substituent and the 3,7-(P-pyrrolic-)alkyl 
substituents in a 5-substituted-2,3,7,8,12,13,17,18-~ctaalkylpo~hyrin. Then it is likely that such 
a porphyrin should tend to  distort itself in order to relax the severe steric hindrance. Indeed, 
the studies on  5,15-dimethyl-2,3,7,8,12,13,17,1X-octaethylporphyrin2 indicated that this 
porphyrin should suffer some distortion of the porphyrin macrocycle. The  X-ray analysis of 
the crystal of p-0x0-bis( ( 5 ,  15-dimethyl-octaethylporphinato) iron (111)) dimer confirmed the 
'ruffled' conformation of the porphinato core.3 The  N M R  spectra of meso-substituted 
porphyrins were reported and explained in terms of ring folding and decrease of the porphyrin 
ring Thus it is now widely accepted that ring distortion is taking place in the 
meso-substituted-octaalkylporphyrins. 


We wish to report here a novel feature of S,lS-dialkylporphyrins. They not only have 
distorted ring systems, but can also exist in two different conformations in solution. Moreover, 
dynamic interconversion between these two conformers could be observed by N M R  
spectroscopy. The  rates of interconversion were estimated by the N M R  line shape analyses, 
and preliminary kinetic results a re  also reported. 
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SYNTHESIS 


The synthetic routes to the 5-alkylporphyrins and 5,15-dialkylporphyrins are summarized in 
Scheme 1. The 5,15-dialkylporphyrins were prepared by condensation of the 1 ,l-bis(5- 
carboxyl-3-ethyl-4-methylpyrrol-2-yl)alkane (meso-alkyl-dipyrromethane-dicarboxylic acid, 
3) with trimethylorthoformate.' The 5-alkylporphyrins were prepared by coupling of the 
1 ,l-bis(3-ethyl-4-methylpyrrol-2-yl)alkane (meso-alkyl-a-free-dipyrromethane, 4) with difor- 
myl-dipyrromethane (54.' 


&CO,Et + RCHO - * 1 
n ~q& 4 H  


7 ( a - d )  
M = n2.zn 


Scheme 1. Syntheses of S-alkyl- and 5.15-dialkylporphyrins 


'H-NMR SPECTRA 


The ' H-NMR spectra of the 3,5,7,13,15,17-hexaethyl-2,8,12,18-tetramethylporphyrin (7b, 
M=H2) showed very broad signals at room temperature. The signals became somewhat 
sharper when measured at 45"C, while at -30°C they split into two sets of signals. This 
unusual phenomenon can be explained in terms of ring flapping as follows. 


It has been pointed out that in the case of meso-substituted porphyrins, the steric hindrance 
between the meso-(5-)substituent and the adjacent P-pyrrolic substituents (3,7-substituents) is 
quite severe,' and in order to relax this steric hindrance, the porphyrin ring is folded at the 
meso-position in such a way that the rneso-position is above the (average) porphyrin ring plane 
and the adjacent pyrrole rings are below the plane. Such folding will bring the 
meso-substituent above the ring plane and the 6-pyrrolic substituents below the ring plane, 
thus the steric hindrance is reduced. Now, let us consider the case of the 5,15- 
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“anti” 


Figure 1 .  Two possible conformations of 5.15-dialkylporphyrins. Above: the ‘syn’ conformation. Below: the ‘anti’ 
conformation 


dialkylporphyrins: the Corey-Pauling-Koltun molecular model study o f  these compounds 
revealed that there should be two manners in the ring folding, as shown in Figure 1 .  First: the 
5-position and 15-position are both above the average porphyrin ring plane and the four 
pyrrole rings are all below the plane. The resulting conformation has a ‘roof-like’ porphyrin 
ring. This conformation has both 5- and 15-alkyl groups in the same side (above) of the 
average ring plane, and therefore we can call it a ‘syn’ conformation. Second: the 5-position is 
above the plane and the two pyrrole rings adjacent are below, but the 15-position is below the 
plane and the remaining two pyrrole rings above. The resulting conformation has a rather 
‘twisted’ porphyrin ring, and has the 5-  and 15-alkyl groups in the opposite side of the average 
ring plane. This conformation, therefore, can be called an ’anti’ conformation. These two 
conformers have not only different orientations of two meso-substituents, but also different 
ring geometries. As the different ring geometries cause different ring currents, it is expected 
that the NMR spectra of these conformers should differ significantly. Now, if the two 
conformers can interconvert in solution, and if the rate of this interconversion is appropriate, 
the NMR spectrum is expected to be broad at room temperature, to become sharper as the 
temperature rises (because the rate of interconversion rises and the average resonance should 
be observed), and to split at low temperature into two sets of signals, each set corresponding to 
each conformer. This is exactly what was observed. 


The above-described hypothesis of two interconverting conformers requires that the 
5-monoalkylporphyrins do not show any broadening phenomena, because in this case only one 
conformer is possible. This was indeed the case. The NMR spectra of 5-ethylporphyrin and 
5-(2-phenyl)ethyl-porphyrin showed sharp signals at room temperature and did not show any 
broadening or splitting in the temperature range of -30°C to 20°C. (Only the methylene 
protons of the 3,7-ethyl groups gave a broadened signal at room temperature, which split into 
two sets of signals at low temperature. This is apparently due to the restricted rotation because 
of the steric hindrance with the 5-alkyl group). 


The central NH resonances showed systematic change as the number of the meso- 
substituents increased. The larger the number of the meso-substituents became, the more the 
NH protons showed reduced upfield shift; i.e. -3.7ppm for etioporphyrin (3,7,13,17- 
tetraethyl-2,8,12,18-tetramethylporphyrin) and octaethylporphyrin (OEP), -2.8 and -2.9 for 
5-monoethylporphyrin (lowered symmetry causing two unequivalent NH protons), and - 1-6 







66 K .  MARUYAMA. T. NAGATA A N D  A. OSUKA 


Table 1. Variable temperature ‘H-NMR data of the free base 5,15-Diethylporphyrin (7b, 
M=H2) and its zinc complex (7b, M=Zn) 


Compds. Free base Zinc complex 


Temp. (“C) 50 - 40 50 - 40 


(A) (B) (A) (B) 


meso-H 10.02 s 10.11s 10.08s 9.87s 9.97s 9-85s 
rneso-C&CH3 5.01 q 499m 5.05q 4.99m 
B-CaCH3 441 q 4.04111 3.94m 4.04q 4.0 m 


3.59 s 3.62s 3.61s 3.54s 3.58s 3-52s 
1.14t 1.33br 1 *75t 


1-86t 1.77t 1.87t 1.80 t 1.80t 1 *76t 


cH3 
rnesoCH2C& (1 -8)br 1.95t (1.8) 
B-CHZCH~ 
NH - 1.55 br - - 142br - - 


for 5,15-diethylporphyrin. This change indicates that the ring current of the porphyrin 
n-system should be reduced as an alkyl group is introduced into the rneso-position.”8 


Table 1 summarizes the change in the NMR spectra of 5,lS-diethylporphyrins (free base and 
zinc complex). At  low temperature two sets of signals were observed. Each component should 
be assigned to each of the two conformers. Here the two components are named A and B, A 
being the minor component and B the major one. The ratio B/A for porphyrins 7b, 7c and 7d, 
as well as 8 and llb (see Scheme 2), were obtained from the integral ratio of the NMR spectra, 
and are shown in Table 2. The values were obtained at -4O”C, expect for the zinc complex of 
8 and Ilb (at -20°C). 


Table 2 .  The ratio (BIA) of the two conformers of 
5.15-dialkylporphyrins 


Compds. 7b 7c 7d 8 l l b  


Free base 1.2 1.6 5.0 1.0 4-0 
Zinc complex 3.3 7.6 >30 3.4 >10 


It cannot be assigned definitely which component (A or B) corresponds to which conformer 
(syn or anti). However, the fact that the observed ratio of B/A increased significantly in the 
zinc complex suggests that B might be the syn conformer, because the severe nonplanarity of 
the porphyrin ring in the anti conformation should put the four inner nitiogen atoms more 
apart than in the syn conformer, probably making the anti-zinc complex more unstable than 
the syn-zinc complex. 


If the interconversion between the two conformers were prohibited by some intramolecular 
steric factor, the NMR spectra would give sharp signals at any temperature. We made two 
attempts on this basis. One is to ‘link’ the two rneso-alkyl substituents; that is, preparation of 
5,lS-‘strapped’-porphyrins (11). The syntheses of these compounds are shown in Scheme 2. As 
can be easily recognized. these porphyrins cannot form the anti conformation if the bridge is 
sufficiently short. 
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Q H  


101 @ N s  


11 a :  n = 6  
b: n=12 


M =H,,Zn 


Scheme 2. Syntheses of S,15-'strapped'-porphyrins 


Two of these porphyrins, l l a  and l l b ,  were prepared and their NMR spectra were 
measured. The NMR spectra of l l a  indeed showed sharp signals at room temperature. No 
broadening or splitting was observed when the temperature was lowered down to -40°C. The 
signals due to the diamine bridge protons moved significantly as the temperature was lowered, 
suggesting some conformational change (not syn-anti type) was taking place. The NMR 
spectra of the zinc complex of l l a  showed similar trends. 


The NMR spectra of l l b  was so complicated that the complete assignment of all the signals 
is not yet achieved. Two signals were observed in the region of meso.-protons (A: 10*02ppm, 
B: 9-94ppm), indicating that l l b  is a mixture of two components. These two signals did not 
merge in the temperature range of -40°C to 40"C, which suggests that interconversion 
between the two components, if any, should be too slow for NMR time scale. Attempts to 
separate these two components by column chromatography were unsuccessful. The ratio of 
the two components, B/A, was 4.0, and showed no significant change in the observed 
temperature range. The zinc complex of l l b  also seems to be a mixture of two components, 
B/A being 10 (at -20°C). In the case of l l b ,  the longer bridge seems to allow formation of the 
anti conformer. The larger B/A values compared with the 'parent' 5,15-dialkyl compound, 
diester porphyrin (8, see Table 2), are consistent with the instability of the anti conformer of 
l l b  due to the strain of the bridge, if we similarly assume that B is the syn conformer. 


Another attempt to 'fix' the two conformers is to introduce very bulky groups to the 
5,15-positions. It was expected that these bulky mem-substituents should prohibit the 
interconversion between syn and anti conformers, and enable isolation of each component. 
The attempted syntheses of 5,15-di-tert-butylporphyrin and of 5,15-di-iso-propylporphyrin, 
however, were both unsuccessful. When the 1,1-bis(5-carboxyl-3-ethyl-4-methylpyrrol-2-yI)- 
2,2-dimethyl-propane (3f) was treated with trimethyl orthoformate, no desired porphyrin was 
obtained, but 5,15-di-t-butyl-5,15-dihydroporphyrin was obtained instead.' Attempts to 
oxidize this material into the corresponding porphyrin were unsuccessful. The iso-propyl 
group could not be introduced, either. It seems that the desired porphyrins are extremely 
unstable because of the severe steric hindrance itself. 


Now let us return to the simple 5,15-dialkylporphyrins. The rate of interconversion between 
the two conformers can be estimated by the line shape analysis of the NMR spectra."' The 
meso-proton resonances were utilized, because they always showed singlet signals and thus 
allowed simpler treatment. Line widths and chemical shifts of the individual resonances (in the 
absence of exchange process) were estimated from the spectra at low temperatures. The ratio 
B/A was given as an integral ratio at low temperatures. As this ratio did not seem to change 
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Table 3. Rates of interconversion at 23°C between the 
two conformers 


Compds. Free base Zinc complex 


7b 7c 7d 7b 7c 


rate (s-’) 180 80 6 850 270 


significantly with temperature, the values at lower temperatures were assumed as valid for 
higher temperatures. Comparison of the measured spectra with the simulated ones was made 
and the rate constant k was obtained for each temperature ( k  is defined as the rate constant of 
the process A to B, not B to A). In  the  higher temperature range, where the exchange process 
was fast, the rate constants were estimated from the observed line widths. ” 


The rate constants obtained at 23°C are listed in Table 3, for compounds 7b, 7c (where 
M=H2 and Zn), and 7d (M=H2). In the case of 5,15-dimethylporphyrin (7a), interconversion 
between the two conformers was too fast for NMR time scale, and no broadening 
phenomenon was observed in the temperature range down to -40°C. The data for 7d zinc 
complex have been omitted, since in this case the signals of the minor component were so 
weak that no reliable treatment was possible. 


Table 3 discloses two general tendencies. (1) As the size of the meso-substituent increases, 
the rate of interconversion falls rapidly. (2) The rate of interconversion increases significantly 
in the zinc complexes. The latter may be somewhat surprising, if we consider the central metal 
atom will ‘fix’ the ring geometry through the strong coordination. Alternatively, it is likely that 
the zinc complex has a less distorted porphyrin ring because zinc requires the square-planar 
coordination. 


The Eyring plots of the rate constants at various temperatures gave fairly good straight lines 
for all of the five compounds listed in Table 3. The resulting activation parameters are shown 
in Table 4. The activation enthalpies ranged from 57 to 62 kJ/mol. The activation entropies 
were so sensitive to the errors of the rate constants that precise discussions are impossible at 
present. However, the essentially constant activation enthalpies require that the rate of 
interconversion should be controlled mainly by the entropy factor. This is quite reasonable, if 
we consider a transition state with a ‘planar’ ring conformation. 


The initial (and final) state in the interconversion process is either the syn- or the 
anti-conformer, in which the meso-alkyl groups win considerable freedom of movement 
because of the reduced steric hindrance by the ring folding. In the transition state the 
porphyrin ring should be (at least partially) planar, in order to allow ‘flipping’ of the 
meso-alkyl group. Such a planar conformation should have the meso-alQI groups with 


Table 4. Activation parameters of interconversion 


Compds. Free base Zinc complex 


7c 7b 7c 7d 7b 


AH(kJ/mol) +62 +56 +58 +62 +57 


AG298K (kJlmol) +60 +61 +68 +56 +58 
AS (J/Wmol) +9 -18 -35 +23 -6 
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reduced freedom, causing a decrease in entropy, as well as higher energy because of the strain. 
The energy (enthalpy) factor is mainly ascribed to the overcrowding of the CH2 groups directly 
attached to the meso-position and the neighboring P-pyrrolic positions. As all the compounds 
listed in Table 4 have primary alkyl groups at the mesa-positions, the energy factor is expected 
to be of the same magnitude. Thus the rate of interconversion could be controlled mainly by 
the entropy factor (‘A larger group is reluctant to move’). 


Now it is confirmed that 5,15-dialkylporphyrins have two distorted conformations which can 
interconvert in solution. We expect that this novel feature can be utilized to control the 
physicochemical properties of porphyrin compounds in modeling certain biological systems 
(such as cooperativity of hemoglobin). 


EXPERIMENTAL SECTION 


Melting points were measured on a Yanagimoto micro melting point apparatus and are 
uncorrected. Infrared spectra were recorded on a JASCO IRA-1 spectrometer. Ultraviolet 
and visible spectra were measured with a Shimadzu UV-3000 spectrometer. 400MHz ’H-NMR 
spectra were recorded on a JEOL GX-400, and chemical shifts ( b )  are reported in parts per 
million relative to an internal standard of tetramethylsilane. Variable temperature NMR 
measurement was performed with a JEOL NM-GVT3 temperature control unit, which was 
precalibrated with methanol. ” Elemental analyses were performed at the Microanalytical 
Laboratory of Kyoto University. Preparative separations were usually performed by flash 
column chromatography on silica gel (Merck, Kieselgel 60H, Art .7736). 


Solvents were used as commercially obtained unless otherwise stated. All aliphatic 
aldehydes and trimethyl orthoformate were distilled before use. Water-free trichloroacetic 
acid was prepared by azeotropic distillation and recrystallization from benzene so iution, and 
used as methylene chloride solution (3.8 to 4 M). Methylene chloride, where described as ‘dry’, 
was dried over calcium chloride and refluxed over P20s and distilled (under nitrogen). 


Preparation of ‘dipyrromethanes’ 


1.1-Bis(5-ethoxycarbonyI-3-ethyl-4-methylpyrrol-2-yl)ethane (2a). Ethyl 4-ethyl-3-methyl- 
pyrrole-2-carboxylate’” (1, Ialg, 6.lmmol) was dissolved in ethanol (lorn]), acetaldehyde 
(0.6g, 14-2mmoI) was added, followed by 4 drops of concentrated HCI, and the mixture was 
heated under reflux for 2 hours (under N2). The reaction mixture was cooled, diluted with 
aqueous Na2CO3 solution, and extracted with CH2C12. The CH2Cl2 layer was washed with 
water, dried over Na2S04, and evaporated. The residual solid was washed with hexane, and 
recrystallized from ethanol. Yield: 1 - lg  (2-8mmo1, 93%). m.p. 122°C. NMB (CDC13) : 8-72 
(br, 2H, NEI), 4-31 (9, l H ,  C€JCH3), 4.27 (q,4H, OC&CH3), 2.34 (q, 4H, C&CH3), 2-25 (s, 
6H, C E ) ,  1-59 (d, 3H, CHCFI3), 1.31 (t, 6H, OCH2CE3), 0-95 (t, 6H, CH,C€&). Analyses 
calculated for C22H3204N2 : C, 68.01; H, 8.30; N, 7.21. Found: C, 67-74; H, 8.43; N, 6-95. 


l,l-Bis(5-ethoxycarbonyl-3-ethyl-4-methylpyrrol-2-yl)propane (2b). The pyrrole I (5.2g, 
28-7mmol) was dissolved in benzene (100ml) and brought to reflux under NZ. Catalytic 
amount of p-toluenesulfonic acid was added followed by propionaldehyde (3.3g, 57 mmol), 
and reflux was continued for 3 hours. The reaction mixture was cooled, washed with aqueous 
NaHCO, and water, dried over NaZSO4, and evaporated. The residual solid was washed with 
hexane, and recrystallized from ethanol. Yield: 4.2g (lOSmmol, 73%). m.p. 146°C. NMR 
(CDC13) : 9.00 (br, 2H, NU), 4.25 (q,4H, OC&CH3), 4.02 (t, lH ,  CBCH2CH3), 2-39 (q ,  4H, 
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CH,CH,), 2-24 (s, 6H, CH3), 2.00 (quintet, 2H, CHCH,CH3), 1.29 (t, 6H, OCHzC&), 0-97 
(t, 6H, CH2CH3), 0.91 (t, 3H, CHCHzCE3). Analyses calculated for C23H3404N2 : C, 68.63; 
H, 8.51; N, 6.96. Found: C, 68.54; H, 8.67; N, 6.66. 


1 ,l-Bis(5-ethoxycarbonyl-3-ethyl-4-methylpyrrol-2-yl)-3-phenylpropane (2c). This was pre- 
pared from 1 (1-lg, 6mmol) and 3-phenylpropionaldehyde (0-46g, 3-3mmol) by the same 
method as 2b (see above). Yield: 1.2g (2.6mmol,86%). m.p. 124°C. NMR (CDCI,) : 9.43 (br, 


2H, CEPh) ,  2.35 (m, 6H, C&CHzPh and C&CH3), 2.25 (s, 6H, CH,), 1-21 (t, 6H, 
OCH2C&), 0.94 (t, 6H, CH2CE3). Analyses calculated for C29H3R04N2: C, 72.77; H ,  8-00; 
N, 5.85. Found: C, 72.88; H, 8.15; N, 5.66. 


1 ,l-Bis(5-ethoxycarbonyl-3-ethyl-4-methylpyrrol-2-yl)-3-methylbutane (2d). This was pre- 
pared from 1 (3.6g, 20mmol) and 3-methylbutyraldehyde (1.4g, 16mmol) by the same method 
as 2b (see above). Yield: 3-2g (7.5mmo1, 75%). m.p. 120°C. NMR (CDCI,) : 8-99 (br, 2H, 


(s, 6H, C&), 1.83 (t, 2H, CHCH2CH), 1-45 (m, lH, CFJ(CH3)z), 1.30 (t, 6H, OCH2CEK3), 
0-98 (t, 6H, CHzCH3), 0.90 (d, 6H, CH(CH,),). Analyses calculated for C2sH3804N2: C, 
69-74; H, 8.89; N,  6.51. Found: C, 69.72; H, 9.17; N ,  6-33. 


1,l -Bis(5-ethoxycarbonyI-3-ethyl-4-methylpyrrol-2-yl~-2-methylpropane (2e). This was pre- 
pared from 1 (3*6g, 20rnmol) and 2-methylpropionaldehyde (1-4g, 20mmol) by the same 
method as 2b (see above). Yield: 2.4g (5-9mmol, 59%). m.p. 176°C. NMR (CDC13) : 10.19 
(br, 2H, NU), 4-18 (m, 4H, OCH2CH3), 3.73 (d, lH,  Cl-JCH(CH3)2), 2.73 (m, lH,  


CHzCH,), 0.85 (d, 6H, CH(CH,),). Analyses calculated for C24H3h04N2: C, 69-20; H,  8.71; 
N, 6-72. Found: C, 69-22; H, 8-94; N ,  6.61. 


l,l-Bis(5-ethoxycarbonyl-3-ethyl-4-methylpyrrol-2-yl)-2,2-dimethylpropane (2f). This was 
prepared from 1 (3-6g, 20mmol) and 2,2-dimethylpropionaldehyde ( IaOg,  12mmol) by the 
same method as described above. In this case, complete conversion could not be achieved 
after 36 hours, so the resulting mixture (2f and the pyrrole 1) was separated by flash column 
chromatography (hexaneidiethyl ether = 95/5 (v/v) to elute residual pyrrole, and 
benzeneimethanol to elute 2f). The fraction containing 2f was evaporated, checked by NMR 
spectroscopy and used without further purification. Yield: 1-3 g (3mmol, 30%). NMR 
(CDC13) : 9.46 (br, 2H, NH), 4-30 (q, 4H, OCH,CH3), 4.03 (s, IH, CHC(CH,),). 2.43 (m, 


2H, NFI), 7.1-7.4 (5H, Ph), 4.19 (9, 4H, OCH,CH,), 4.15 (t, lH, CECHZCHzPh), 2.56 (t, 


NH), 4.26 (9, 4H7 OCH,CH3), 4.23 (t, IH, CHCH,CH(CH,)Z), 2.39 (9, 4H, C&CH3), 2.24 


CH(CH3)2), 2.47 (q, 4H, C&CH3), 2.26 (s, 6H, CH,), 1.17 (t, 6EI, OCHzCH3), 1-05 (t, 6H, 


4H. CJ&CH3), 2-23 (s, 6H, CH,), 1.34 (t, 6H, OCH,CEI?), 1.031 (s, 9H, C(C€I,),), 1.026 (t, 
6H, CHZCE?). 


1 ,1-Bis(5-carboxyl-3-ethyl-4-methylpyrrol-2-yl)-ethane (3a). The diester 2a (2g, 5.lmmol) 
was dissolved in 40ml of ethanol. Aqueous sodium hydroxide (8ml of 10% solution) was 
added, and the mixture was heated under reflux overnight (under Nz). Ethanol was distilled 
off at ambient pressure. The residual viscous solution was ice-cooled, diluted with 15mI of 
water, and acidified with dilute HCI. The pale-yellow precipitate was collected by filtration, 
washed thoroughly with water, and dried in vacuo. The resulting diacid was rather unstable, 
especially sensitive to acids, and it is recommended that it be used immediately after 
preparation. The compounds 3b, 3c, 3d, 3e, and 3f, were prepared in the same manner as 3a. 


1 ,l-Bis(3-ethyl-4-methylpyrrol-2-yl)ethane (4a). The diacid 3a (see above) was dissolved in 
20ml of 2-aminoethanol and the resulting solution was heated under reflux for 5 hours (under 
N2). The mixture was poured into 20Og of ice water, and extracted with benzene. The benzene 
layer was washed with water, dried over sodium sulfate, and evaporated. The residual 
dark-brown oil was found by NMR spectroscopy to be a crude product. This oil could be used 
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for preparation of porphyrins without further purification. The compounds 4b, 4c, 4d, 4e and 
4f were prepared in the same manner as 4a. 


Synthesis of 5,15-dialkylporphyrins 


3,5,7,13,15,17-Hexaethyl-2,8,12,18-tetramethylporphyrin (7b). The diacid 3b (prepared from 
2-2g = 5.5mmol of diester 2b) was dissolved in dry dichloromethane (4001111). Dry 
trichloroacetic acid (70mmol) was added, followed by trimethyl orthoformate (5.3g, 50mmol), 
and the mixture was brought to reflux (dark, under N2). After 40 hours 1,4-benzoquinone 
(600mg) was added, and reflux was continued for 3 hours. The reaction mixture was cooled, 
washed with aqueous Na2C03 and water, dried over Na2S04, and evaporated. After most of 
the solvent was removed, ethanol was added, and evaporation was continued. The product 
crystallized during evaporation, and this was collected by filtration and washed thoroughly 
with ethanol. This crude material was purified by flash column chromatography (CHCI3 as 
eluent) and recrystallization from CH2CI2/MeOH. Yield: 269mg (O.5mmol, 18%). m.p. 
27CL275"C. UV-vis (toluene): k,,,/nm = 413, 513, 547, 584. As for NMR data, see text. 


The starting material 3b should be completely dried. Careless use of wet material led to a 
complex reaction without producing any desired porphyrin. The a-free dipyrromethane 4b 
could be used in place of 3b. In this case the reaction conditions seemed less critical. 


The zinc complex of 7b was prepared by the ordinary method; the free-base porphyrin 7b 
was dissolved in chloroform, methanolic solution of zinc acetate (large excess) was added, and 
the mixture was refluxed until no free-base porphyrin was detected by thin-layer 
chromatography. The resulting zinc complex was purified by flash column chromatography 
followed by recrystallization from CH2C12/hexane. The zinc complexes of other porphyrins 
were prepared in the similar manner. 


The other 5,15-dialkyporphyrins, 7a, 7c and 7d were prepared in the same manner as 7b. 
Compound data of these porphyrins are listed in the following. 


Porphyrin 7a: m.p. >300"C. UV-vis (toluene): h,,,,/nm = 412, 513, 548, 588, 648. NMR 
(CDC13): 9.95 (s, 2H, rneso-H), 4.49 (s, 6H, rne.so-CH3), 441 (q,  8H, C&CH3). 3.55 (s, 12H., 
CU?), 1.76 (t, 12H, CH2CH3), -1-79 (br, 2H, NH). 


Porphyrin 7c: m.p. 250-253°C. UV-vis (toluene): h,,,,/nm = 414, 514, 549, 585, 637(sh). 
NMR (CDC13, 45°C): 10.03 (s. 2H, meso-H), 7.2-7.4 (IOH, Ph), 5.3 (m, 4H, CH2CH2Ph), 
4.04 (br, 8H, CbCH, ) ,  3.58 (s, 12H. C&), 3.3 (very broad, C a P h ) ,  1.77 (t, 12H, CH2CH3), 


Porphyrin 7d: m.p. 280-283°C. UV-vis (toluene): h,,,/nm = 412,513,548,588,648. NMR 
(CDCl3). Two sets of signals were observed at 20°C. A: 10.00 (s, 2H, meso-Id), 4.83 (d, 4H, 
C&CH(CH,),). 3.97 (q, 8H, CH,CH,), 3.55 (s, 12H, CHJ), 2.30 (m, 2H, CH(CH3)2), 1.72 (t, 
12H, CH2CH3). 0.66 (d. 12H, CH(CH,),), -1.75 (br, 2H, NH). B: 9.84 (s), 4.75 (d), 3-95 (q), 
3-50 (s), 1.88 (m), 1.81 (t), 0.50 (d), -1-47 (br). B was the major component'with BiA = 5-0. 


-1.48 ( s ,  2H. NH). 


Synthesis of 5-alkylporphyrins 


3,5,7,13,17-Pentaethyl-2,8,12,18-tetramethylporphyrin (6b). Bis(3-ethyl-5-formyl-4-methyl- 
pyrr01-2-yl)methane'~ (5, 860mg, 3mmol) was dissolved in 240ml of methanol. To this clear 
solution 2.4g of p-toluenesulfonic acid was added, followed immediately by 4b (3mmol). The 
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resulting mixture was stirred for 2 days, being protected from light. The reaction mixture was 
poured into water and extracted with CH2CI2, washed with aqueous Na2C03 and water, dried, 
and evaporated. The porphyrin 6b was purified by flash column chromatography (CH2CI2 as 
eluent). Yield: 290mg (0.57mmo1, 19%). m.p. 266-269 "C. UV-vis (toluene): h,,,/nm = 406, 
503,536, 576, 629. NMR (CDC13): 10.05 (s. 2H, 10- and 20-H), 9 -78 (s, 1H, 15-34), 5.13 (q, 
2H, meso-CH2CH3), 4-03 and 4.01 (m+q, 8H, C&CH3), 3.62 and 3-69 (s+s, 12H, CH?), 1.82 
(t+t, 12H, CH2CH3), 1.73 (t ,  3H, meso-CH2CH3), -2.83 and -2.91 (s+s, 2H, NH). 
3,7,13,17-Tetraethyl-2,8,12,18-tetramethyl-5-(2-phenyl)ethylporphyrin (6c). This porphyrin 


was prepared by the similar method as 6b (see above). m.p. 225228°C. UV-vis (toluene): 
h,,,/nm = 408, 506, 548, 579, 629. NMR (CDC13) : 10-06 (s, 2H, 10- and 20-€3), 9-80 (s, lH,  
15-H), 7-24-7.43 (SH,Ph), 5.42 (m, 2H, CH,CH2Ph), 4-08 (br. 4H, 3- and 7-CH,CH3), 4.01 
(q, 4H, 13- and 17-CH2CH3), 3-61 and 3-59 (s+s, 12H, CEL?), 3.23 (m, 2H, C b P h ) ,  1-84 (t, 
6H, 13- and 17-CH2CJi3), 1.79 (t ,  6H, 3- and 7-CH2CB3), -2.80 and -2.87 (s+s, 2H, NIi). 


Synthesis of 5,15-'Strapped'-Porphyrins 


2,8,12,18-Tetraethyl-3,7,13,17-tetramethyl-5,15-bis(2-((4-nitropheny~)oxycarbonyl)ethyl) por- 
phyrin (10). The porphyrin-5, 15-dipropionic acid (9 ,  172mg, 0-276mmol) was dissolved in 
75ml of pyridine (The diacid 9 was obtained by acid hydrolysis of the diester porphyrin 
followed by recrystallization from methanoUpyridine). 4-Nitrophenol (460mg, 3.3mmol), 
2-chloro-1-methylpyridinium iodide (565mg, 2.2mmol) and triethylamine (445mg, 4-4mmoI) 
were added, and the resulting mixture was heated at 70°C for 16 hours (under N2). After the 
reaction mixture was cooled, the crystalline product was collected by filtration and washed 
with pyridine. Yield : 150mg (0.173mmo1, 63%). m.p. >300"C. IR (KBr pellet) : v/(cm-') = 
1760 (C=O); 1520, 1340 (NO2); 1120 (Ar-0). 


5,15-(4, 1 1-Diaza-3, 12-dioxotetradecan- I ,  14-diyl)-2,8.12,18-tetraethyl-3,7,13,17-tetra- 
methylporphyrin (1 la). The 4-nitrophenyl ester 10 (60mg, 0.069mmol) was suspended in 75 ml 
of pyridine. and heated to 70°C. To this mixture 1,6-hexanediamine (8-lmg, 0469mmol; 
dissolved in small amount of pyridine) was added in four portions during 3 hours. After the 
addition was completed, heating was continued for 14 hours. The reaction mixture was cooled, 
and the solvent was evaporated. The residue was dissolved in CH2C12/methanol (v/v = 5/1), 
passed through an alumina short column, and evaporated again. The residual mixture was 
separated by flash column chromatography (CHCI3/methanol = 100/1 (v/v)). The first 
porphyrinic fraction was the strapped-porphyrin l l a .  Yield: 26-8mg (0.038mmol, 55%). m.p. 
280-285°C. UV-vis (toluene): h,,,/nm = 413, 513, 551, 584, 636(sh). IR (KBr pellet): 
v/(cm-') = 2850 (N-H) and 1620 (C=O). NMR (CDCI?) : 9.99 (s, 2H, meso-H), 5-54 (m, 
4H, CH,CH2C(0)), 4-04 (m, 8H. CH,CH3). 3.61 (s, 12H, CE3), 2-79 (m, 4H, 
CH2CH,C(0)), 2.62 (t, 2H, amide-NH), 1-78 (t, 12H, CH2CH3), 1-72 (q, 4H, NHCH,), -1-6 
(br, 2H, central-NH), -1.63 (t, 4H, NHCH2 CH2CH2), -1.78 (quintet, 4H; NHCH2CH,). 


5.15-(4, 17-Diaza-3,18-dioxoeicosan-l.20-diyl)-2,8,12.18-tetraethyl-3,7,13,17-tetramethyl- 
porphyrin (llb). This porphyrin was prepared from the 4-nitrophenyl ester 10 (60mg, 
0.069mmol) and 1,12-dodecanediamine (14mg, 0.069mmol) by the similar method as lla. 
Yield: 29.2mg (0-037mmol, 54%). m.p. 195-200°C. UV-vis (toluene): h,,,/nm = 413, 513, 
550, 585, 637(sh). IR (KBr pellet): v/(cm-') = 2860 (N-H) and 1630 (C=O). 
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SUMMARY 
Reaction rates for solvolysis of a mustard analogue are accurately correlated by the solvatochromic 
equation without inclusion of a nucleophilicity term, and thus the equation is shown to reveal 
mechanistically significant information. 


The Grunwald-Winstein and related approaches to prediction of solvent effects on rates have 
been found to be deficient for correlation of solvolysis rates of mustard derivatives.’.2 
Consequently we have examined the alternative approach of multiple linear regression 
analysis (MLRA). There has been a great deal of recent interest in application of MLRA to 
correlation of solvent effects on various chemical properties3 These include the solubility of 
nonele~trolytes”.~ and  electrolyte^,^ the distribution of solutes between water and various 
immiscible solvents,”‘ and the effect of solvent on rotational isomerism,’ keto-enol 
tautomerism,3 and rate constants (as log k or AG’) for several chemical proce~ses.’,~-’~ One 
of the most useful equations in MLRA is the ‘solvatochromic’ equation, equation 1 ,  in which P 
is some property, n l  * is the solvent dipolarity/polarizabiIity,+ a1 the solvent hydrogen-bonding 
acidity, P I  the solvent hydrogen-bond basicity, and tiH2 the solvent cohesive energy density. l 3  


The term in tiHz is the so-called ‘cavity’ term that takes account of the energy needed to create 
a hole or cavity in a solvent. 


Our interest here is to investigate the use of equation ( 1 )  to provide physical insight into the 
chemistry involved in a particular process, particularly with respect to reactivity. Thus in 
nucleophilic substitution reactions it has been suggested that the a term in equation (1) can be 
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‘For aromatic and polyhalogcnatcd solvents, a polarizability correction tcrm d6 is used in equation (l), but for the 
solvents used in this work 6 = 0 and the term drops out of equation (1) .  
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related to solvent electrophilicity (the ability to solvate an anionic leaving group) and that the 
PI  term can be rclated to solvent nu~leophilicity.~~"'~~~-'~ The a and b coefficients in equation 
(1) can then be taken as a measure of the sensitivity of a reaction to solvent electrophilicity and 
nucleophilicity. The goal of the present work is to test this proposal by determining the 
parameters required to correlate solvolytic reaction rates for a substrate that has been shown 
by other techniques to be insensitive to solvent nucleophilicity. If  the correlation reveals a 
statistically significant b value, then we can conclude that the coefficients of the 
solvatochromic equation do not provide chemically meaningful information for this substrate. 
Alternatively, such a negative finding may allow one to conclude that PI is not a good measure 
of solvent nucleophilicity. On the other hand, the finding that b is statistically insignificant 
would provide support for the contention that equation (1) provides chemical insight into 
processes which are correlated by the equation. 


We have chosen for this test the solvolysis of 2(phenylthio)ethyl 2-naphthalenesulfonate 
(-ONs) in various pure solvents, equation (2). Pure solvents are used to avoid complications 
from solvent sorting. We found that experimental scatter in rate constants was reduced when a 
small amount of 2,6-lutidine was added to the hydroxylic solvents and thiourea was added to 
the weakly nucleophilic, nonhydroxylic solvents. These additives did not change the rate 
constants. Possibly, the lutidine acts to scavenge acid and reduce side reactions, while thiourea 
traps the intermediate sulfonium ion thus preventing return and formation of potentially 
complicating products. Earlier work has clearly shown that the reaction of equation (2) 
proceeds by rate-determining neighboring sulfur participation to give the sulfonium 
intermediate, which is then rapidly captured by nucleophiles. i*2-i(F1" Only when powerful 
nucleophiles such as thiophenolate anions are used is SN2 attack found.Ix 


PhS+ 


(2) 
+ nucl 


,/ \ONs- 
slow 


PH-S-CH2CH2-0Ns - CH2 CH2 - - Ph-S-CH2CH2-nucl ONs- 


The kinetic results for reaction (2) at 25 "C in thirteen pure solvents in terms of -log k ,  (s-') 
are: methanol, 3.57; ethanol, 3.86; 1-propanol, 4-10; 2-propano1, 4-20; 1-butanol, 4-22; 
ethylene glycol, 2.94; formamide, 2.44; trifluoroethanol, 1.78; dimethylformamide, 4.48; 
acetonitrile, 4-98; acetone, 5-16; dimethylsulfoxide, 3.81 ; and ethyl acetate, 5-58. Rates were 
determined by following disappearance of the sulfonate peak at 325 nm; errors were less than 
5%.  These particular solvents were chosen to provide a distribution of solvatochromic 
parameters. l 3  


We have correlated these rate data with equation (1) in its full form and with various 
parameters removed. The statistical term we have used in deciding statistical significance is the 
T test (or confidence limit). As in the past,13 we regard a confidence limit of less than 0.95 as 
indicative of statistical insignificance. In the present instance we have found that coefficients 
give T tests of better than 0-99 or less than 0.70, so that decisions regarding statistical 
significance are straightforward. 


Correlation with the full, four-parameter solvatochromic equation gives a reasonable 
correlation coefficient ( r  = 0.980), with the following T tests: h,  0.219; b ,  0.668; s & a,  0.999. 


log k = (-8.02 k 0.60) + (3.78 k 0.74)nl* + (2.20 k 0*25)&l 
+ (0.40 k 0.39)Pl - (0.05 k 0.18)6H2/100 (3) 
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Figure 1. Plot of cxpcrimcntal log k valucs against thosc derived from the solvatochromic equation, equation (4), for 
solvolysis of 2-(phcnylthio)cthyl 2-napthalencsulfonate 


Similarly, correlation with a three-parameter equation containing a l ,  PI  and xI*  (note that 
k, is also adjustable) gives a good fit again (r = 0.98), but still the T test for b (0.703) is far 
below the desired 95% level. Thus we conclude that there is no statistically significant 
dependence on aH or PI .  


Finally, correlation with only aI and n l*  gives a similarly good fit ( r  = 0.98, Figure l ) ,  and 
dependencies on both parameters are statistically significant according to the T test (0.999 for 
x,* and a l ) ,  equation (4). Also, it is important that there is only a weak correlation between 
nl* and a, (r = -0.26). 


log k = (-7.56 ? 0.32) + (3.44 k 0*39)~1* + (2.12 ? 0.16)o~l (4) 
It is also of interest that the a and s parameters for solvolysis of this mustard analogue are 


significantly smaller than the corresponding parameters for t-butyl chloride measured 
previously (a = 4.17 and s = 5-10);13 presumably this indicates, as pointed out earlier,” that 
there is significantly less charge development in the transition state for solvolysis of 
2-(phenylthio)ethyLONs, although it is possible that the charge development for the mustard 
analogue may be large but extensively delocalized. Finally, we note that the u value obtained 
from direct application of equation (1) for 2-(phenylthio)ethyl-ONs (2.12) compares favorably 
with the values of 2 and 1.6 for 2-(methy1thio)ethyl chloride derived previously by 
approximate methods. 


In summary, rates for reaction (2) in thirteen pure solvents are correlated by the 
solvatochromic equation, in direct contrast to previous failures in attempts at correlation with 
the Grunwald-Winstein and related equations. ’,* The correlation is found to be in accord with 
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previous mechanistic observations; in particular, there is no dependence on solvent 
nucleophilicity as measured by PI. Thus, as with the studies of tert-butyl ~hlor ide , '~  these 
experimental results support the contention that the solvatochromic equation provides 
physical insight into chemical reactivity. 
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ABSTRACT 


Highly sterically demanding 2,4,6-tri-t-butylphenyllithium (1) reacts with carbon disulfide to give 
1,2-dibutylthio-l,2-bis(2,4,6-tri-t-butylphenylthio)ethene (3), l-butylthio-1-(2,4,6-tri-t-butylphenyl- 
thio)pent-I-ene (4), and 2-butylthio-3-(2,4,6-tri-t-butylphenylthio)-l ,Sdithiole-2-thione (5) when 1 is 
prepared by the reaction of l-bromo-2,4,6-tri-t-butylbenzene with n-butyllithium. When the reaction is 
carried out using 1 prepared from 2 and t-butyllithium and then quenched with I-iodoethane, 
2-ethylthio-3-(2,4,6-tri-butylphenylthio)-l,3-dithiole-2-thione and 1,2-diethylthio-l,2-bis(2,4,6-tri-t- 
butylpheny1thio)ethene are produced. The formation of all these products can be explained in terms of 
initial thiophilic attack of 1 on the sulfur of carbon disulfide and an intermediate with a dual property 
of carbanion and carbene (i.e., ArSC(Li)(=S) e ArSCSLi) is suggested. The reaction of 
1 with thiophosgene affords 1,2-dichloro-1,2-bis(2,4,6-tri-?-butylphenylthio)ethene, bis(2,4,6-tri-t- 
butylphcnylthio)acetylene, and 1-chloro 2,4,6-tri-t-butylbenzene, the first two of which are explained 
to be formed by thiophilic attack of 1 with thiophosgene. 


INTRODUCTION 


In recent years much interest has been focused on the chemistry of multiple bonds containing 
heavier main group elements. Of such bonds the carbon-sulfur double bond has been 
relatively long known and extensively studied. ' 


Reactions of thiocarbonyl compounds with organometallic reagents are very unique 
becausc, unlike carbonyl compounds, the thiocarbonyl compounds often undergo thiophilic 
reactions in addition to normal carbophilic reactions. However, thiocarbonyl compounds so 
far known to undergo a thiophilic reaction are only thioketones2.3 and t h i ~ n e s t e r s . ~ . ~  In 
continuation of our work on sterically crowded thio- and selenocarbonyl compounds5 we have 
undertaken a study on the reactions of 2,4,6-tri-t-butylphenyllithium (1) with other types of 
thiocarbonyl compounds, i.e., carbon disulfide and thiophosgene.6. 


RESULTS AND DISCUSSION 


Reaction with Carbon Disulfide 


The reactions of Grignard and organolithium reagents with carbon disulfide have been known 
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as a synthetic method for dithiocarboxylic acid derivatives and proceed via an attack on  its 
carbon.’,’ We have found that the reaction of sterically demanding lithium reagent 1 with 
carbon disulfide proceeds in a different fashion to give products derived from an attack on the 
sulfur atom. 


The reaction of 1, obtained from l-bromo-2,4,6-tri-t-butylbenzene (2) with n-butyllithium, 
with carbon disulfide in tetrahydrofuran (THF) at -78°C resulted in the formation of 3,4, and 
5 in 41, 19, and 4% yields, respectively (Reaction I) .  The configuration of 3 and 4 is tentatively 
assigned the stereochemistry indicated for steric reasons. The formation of the products 
containing SBu group suggests that 1-bromobutane formed in the preparation of 1 reacts with 
intermediates to give these final products. In order to avoid the involvement of 
1-bromobutane in the reaction, 1 was prepared form 2 with 2 equiv. of t-butyllithium, allowed 
to react with carbon disulfide, and quenched with 1-iodoethane. The products thus obtained 
were 6 (59%) and 7 (19%) (Reaction 2). The formation of these products, 3-7, can be 
explained only in terms of the initial thiophilic attack of 1 with carbon disulfide (Scheme 1). 


The initially formed carbanion 8, which might be equilibrated with carbene 9, reacts with 
1-bromobutane to give dithioester 10, which undergoes alkylation again by I-bromobutane to 
afford 4. The formation of 10 as an intermediate is of great interest because it suggests that 
umpolung of carbon disulfide reactivity is taking place in this reaction. 


ArS, /H n-BuBr CS2 ArS, ,SBu 
A r B r  -+ A r L i  - c=c + c =c 


BUS’ ‘ S A r  BUS/ ‘Pr 


3 4 


ArS SBu 


5 b u t y l p h e n y l  


Carbanion 8 can also react with carbon disulfide to form an intermediate 11. In Reaction 1 ,  
11 undergoes a seriesaf reactions with n-BuBr, I ,  and again n-BuRr to give 3. The formation 
of 6 in Reaction 2 clearly suggests the intermediacy of dianion 12. Although 12 can be formed 
either by dimerization of 9 or thiophilic reaction of 1 with 11 ,  the former route seems more 
likely since carbanion 1 must attack a negatively charged sulfur atom in the latter route. 
Similar dimerization of hetero-substituted carbenes has been reported.’ When 11 reacts 
another molecule of carbon disulfide, the final product is 5 or 7. 


A r S  WSEt 
2 t -BuLi  CS2 ArS, SEt 


E t I  E tS /  S A r  
( 2 )  + svs A r B r  A A r L i  - C=C< 


S 


7 


6 


Although there have been a number of synthetic routes to 1,3-dithioI-2-thiones, the present 
approach starting with the reaction of organolithium reagents with carbon disulfide is, to our 
knowledge, unprecedented. This is somewhat similar, however, to the formation of 
1,3-dithioIe-2-thione derivatives by electrochemical or alkali metal reduction of carbon 
disulfide.’ 
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L i  
cs 2 I Scheme 1 


A r L i  - ArS-C=S = ArS-C-SLi  


1 8 9 


n - B u B r  ArS, n-BuBr  
8 ___) ArS-C-Bu+ C=CHPr - 4 


II HS’ S 


10 


CS2 ArS, , S L i  n - B u B r  ArS, S B u  1 
8- c-c - c-c’ - 3 


s// “s S’ “S n - B u B r  


11 


A r S  S L i  n -BuBr  - LiS’ S A r  or E t I  
h = C (  - 3 or  6 


12 


-s A r s ~ s L i  n - B u B r  


or E t I  
--. 5 or  7 


s S 


In order to compare the reactivity of 1 with 2,4,6-tri-t-butylphenylmagnesium bromide, the 
Grignard reagent was reacted with carbon disulfide in refluxing THF, but no reaction took 
place, probably because of its intrinsic low reactivity. 


Reaction with Thiophosgen 


Although there have been reported a number of reactions of thiophosgene with nucleophilic 
reagents, there seems no example of the reaction with organolithium or Grignard reagents. “’ 
When 1 prepared from 2 and n-butyllithium was allowed to react with thiophosgene in THF at 
-78”C, compounds 13, 14, and 15 were formed in 7, 24, and 30% yields, respectively. The 
configuration of 2 was tentatively assigned trans for a steric reason although conclusive 
evidence could not be obtained experimentally. 


c=s - cl, A r L i  + 
c 1’ 


ArS,  c 1  
,C=C’ + ArS-CEC-SAr  + A r C l  


13 14 15 
C1 ‘SAr 
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The formation of 13 and 14 clearly indicates the involvement of the thiophilic attack of 1 on 
thiophosgene (Scheme 2). The reaction most likely starts with an attack of 1 on thiophosgene 
sulfur to give carbanion 16, which then loses one of the chlorines affording carbene 17. The 
dichloride 13 is thought to be formed either by dimerization of 17 or the reaction of 16 and 17 
followed by loss of chloride ion. Acetylene 14 is probably produced by the reaction of 1 with 
13, since a separate experiment showed that 1 reacted with 13 under similar reaction 
conditions to afford 14 in a high yield. If the chloride 15 is formed only by this reaction of 1 
with 13, the yield of 15 should be similar to that of 14. The fact that the yield of IS is somewhat 
higher than that of 14 seems to suggest that a direct reaction of 1 with the chlorine of 
thiophosgene may also be operative. 


Scheme 2 c1 - C 1  -C1  ArS, 
A r L i  + S=C< -4 ArS-C' - C: 


c1 'c 1 c 1' 


16 17 


c1 ArS\ / 16 + 17 C-C-SAr - ,c=c 
-c1 c1 ArS,- I 


Cl' h1 c1 ' S A r  


13 


2 17 -13 


13 + A r L i  -ArS-CEC-SAr + A r C l  + L i C l  


14 15 


The reaction of 2,4,4-tri-t-butylphenylmagnesium bromide with thiophosgene was also 
carried out to give similar results; the products were 13 (17%), 14 (16%), and 15 (27%). 


Conclusion 


Although organolithium reagents usually react with carbon disulfide on its carbon to give 
dithiocarboxylic acids, sterically crowded lithium reagent 1 undergoes a thiophilic reaction, 
suggesting that a steric factor plays an important role in the reaction of the organometallic 
reagents with thiocarbonlyl compounds. In contrast no oxophilic reaction is observed in the 
reaction of 1 with carbon dixodide." 


The present reactions represent the first example of the thiophilic reaction of organometallic 
reagents with carbon disulfide and thiophosgen. After our preliminary communication on the 
reaction of 1 with carbon disulfide,6 Brandsma has recently reported thiophilic reactions of 
aryi or heteroarylpotassium with carbon disulfide. l2 
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EXPERIMENTAL 


Melting points are uncorrected. NMR spectra were measured with Hitachi 24B, Varian 
EM-390, and JEOL FX-90Q spectrometers. IR spectra were taken with a Hitachi 260-30 and 
mass spectra were obtained with Hitachi RMU-6 and JEOL-JMS-D300 spectrometers. 
Diethyl ether and THF were distilled from benzophenone ketyl under argon atmosphere just 
before use. All reactions were carried out under argon atmosphere. 


Reaction of 2,4,6-tri-t-butylphenyllithium (1) with Carbon Disulfide 


(a) Reaction with 1 prepared from I-bromo-2,4,6-tri-t-butylbenzene (2)  and butyllithium 


To a THF solution (50 ml) of 1, prepared from 2 (3.258, 104mmol)'3 and butyllithium 
(hexane solution, 12.0mmol) by stirring for 10 min at -78"C, was added carbon disulfide 
(0.73 ml, 12 mmol) by a syringe. The solution became red-purple at once. After being stirred 
for 1 h at -78"C, the reaction mixture was allowed to be warmed to room temperature and 
stirred for 4 h. The solution was quenched with saturated aqueous ammonium chloride and the 
solvent was removed under reduced pressure. The residue was partitioned between 
dichloromethane and water. No appreciable amount of product could be obtained after 
acidification of the aqueous layer. Crude products (4.09 g) obtained from the organic layer 
were separated by dry column chromatography (DCC; silica gel, hexene-ether 30: 1)  to give 
1 ,3,5-tri-t-butylbenzene14 (0.1 lg, 0.45 mmol, 5 % ) ,  1,2-dibutylthio-l,2-bis(2,4,6-tri-t- 
butylpheny1thio)ethene (3) (1.51 g, 2.05 mmol, 41 %), I-butylthio-I-(2,4,6-tri-t-butylphenyl- 
thio)pent-I-ene (4) 0.48 g, 1.92 mmol, 19%), and 2-butylthio-3-(2,4,6-tri-t-butyl- 
phenylthio)-1,3-dithiole-2-thione (5) (0-81 g, 0.36mmo1, 3.6%). 


3: Colorless crystals; m.p. 1854-185.8"C; 'H-NMR(CCl4)61-33(s, 18H), 1.46(s, 36H), 
0.7-2.2(m, 14H), 2.35(t, J=7-5Hz, 4H), 7-31(s, 4H), "C NMR(CDC13) 613.70, 21.95, 31.34, 
31.42, 32-77, 33.42, 35.00, 38.25, 122.15, 129.41, 138-13, 150.89, 156-12; MS miz 756(M', 
14%), 699(0-9), 642( 17), 585(0.4), 528(6.4), 396(9.2), 364(9.2), 57( 100). Analyses. Found: C, 
72-78; H, 10.08; S. 16.58%. Calculated for Cd6H7$j4: C, 72-95; H, 10.12; S, 16.93%. 
4: Yellow oil; 'H-NMR(CCI4)61.33(s, 9H), 1.51(s, 18H), 0-7-3.0(m, 16H), 4.06(t, J=7Hz, 


32-62, 33.46, 38.31, 122.99, 127.24, 129.68, 134.42, 151.16, 155.71; MS mlz 434(mf, 2%), 
377(22), 321(20), 57(100). Analyses. Found: C, 74.81; H, 10.41; S, 14.77%. Calculated for 


5: Deep yellow crystals; m.p. 1633-164.5"C; 'H-NMR(CCI4) 61.35 (s. 9H), 1.54 (s, 18H), 
0.9-3.0(m, 9H), 7.41(s, 2H); I3C NMR(CDC13) 613.57, 21-70, 31.29, 31-86, 32.21, 35.38, 
36.38, 38.44, 102.46, 123.53, 126.13, 129.65, 153.69, 155-57, 201.90; MS mlz 498(M+, 17%), 
57(100). Analyses. Found: C, 60.11; H, 8.01; S, 32.15%. Calculated for C2sH38S5: C, 60.19; 
H, 7-68; S, 32.13%. 


lH), 7-43(~, 2H); I3C NMR(CDCL3) 613.49, 13.69, 21.94, 22-62, 31.32, 32.05, 32-29, 32.56, 


G7H36S2: C ,  74.59; H, 10.66; S, 14.75%. 


(b) Reaction with 1 prepared from 2 and t-butyllithium 


The solution of 1 was prepared by adding t-butyllithium (pentane solution, l.4mmol) to 213 
(0.203 g, 0.624 mmol) in 5 ml of THF at -78 "C and then stirred for 5 min. To this was added 
carbon disulfide (0.10 ml, 1.7 mmol) and the red-purple solution was stirred for 2 h at the same 
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temperature. Ethyl iodide (0.1 ml, 1-2mmol) was added to the solution, which was stirred for 
2h and quenched with aqueous ammonium chloride at -78°C. A similar workup to that for 
(a) gave 0.254g of crude products, which were separated by DCC (silica gel, hexane- 
dichloromethane 10: 1) to afford 1 ,3,5-tri-t-buty1benzenel4 (0.034 g, 0.14 mmol, 22%), 
2-ethylthio-3-(2,4,6-tri-t-butylphenylthio)-l,3-dithiole-2-thione (6) (0.050 g, 0.12 mmol, 19%), 
and 1,2-diethylthio-l,2-(2,4,6-tri-t-butyIphenylthio)ethene (7) (0- 13 g, 0.185 mmol, 59%). 
6: Colorless crystals; m.p. 236238°C; 'H-NMR(CCI4)60-86(t, J=7-5 Hz, 6H), 1-31(s, NH), 


35.08,38.22, 122.13, 129.45, 138.47, 150.95, 156-18; MS m/z 700(M+, 38%), 643(2), 614(38), 
528(9), 57(100). Analyses. Found: C, 71.68; H, 9.62; S, 18.65%. Calculated for C42HOXS4: C, 
71.94; H, 9.77; S, 18.29%. 
7: Yellow oil. 'H-NMR(CC14)61.16(t, J=7 Hz, 3H), 1.34(s, 9H), 1-54(s, MH), 247(q, J=7 


Hz, 2H), 7-39(s, 2H); MS m/z 420 (Mf ,  loo%), 57(57). 


1*47(~, 36H), 2.35(q, J=7.5H, 4H), 7-28(~, 4H); NMR(CDC1~)614.00,29.47,31.39,32.72, 


Reaction of 2,4,6-tri-t-butylphenylmagnesium Bromide with Carbon Disulfide 


The Grignard reagent was prepared from 2 (2.63g, 8-l0mmol) and magnesium (0-22g, 
8.91 mmol) in refluxing THF (10 ml). To this was added carbon disulfide (2-5 ml, 40mmol) at 
room temperature and the solution was stirred for 2 days at room temperature and heated for 
1 h under reflux. Usual workup gave 1,3,5-tri-r-b~tylbenzene'~ quantitatively. 


Reaction of 1 with Thiophosgen 


To a THF solution (20ml) of 1 prepared by the reaction of 2 (0*998g, 3-07mmol) with 
butyllithium (hexane solution, 3.38 mmol) at -78 "C for 10 min was added thiophosgene's 
(0-26 ml, 3-4 mmol) by a syringe. The mixture was stirred for 50 min at -78 "C and gradually 
warmed to room temperature over a period of 2 h. Usual workup followed by DCC (silica gel, 
hexane) gave 13 (0-07g, 0.1 mmol, 7%), 14 (0.21 g, 0-37mmo1, 24%), and 15 (0.26g, 0.92 
mmol, 30%). 


13: Colorless crystals, m.p. 291.8-292.3 "C; 'H-NMR(CCI4)6 1.33 ( s ,  18H), 1.48(s, 36H), 
7-34(s, 4H); MS m/z 648(M+, 8%), 57(100). Analyses. Found: C, 70.50; H, 9.12; S, 10.25%. 
Calculated for C38Hs8C12S2: C, 70.23; H, 9.00; S, 9.87%. 
14: Colorless crystals, m.p. 270-0-270.2 "C; 'H-NMR(CCI4)61 .28(s, 18H), 1-36(s, 36H), 


154.09; MS mlz 578(M+, 4%), 521(7), 57(100). Analyses. Found: C ,  79.08; H, 9.80; S, 
11.44%. Calculated for C3RHs8S2: C, 78.83; H, 10.10 S, 11.07%. 


15 Was identified by comparison of its spectral data with those of an authentic sample. 


7*23(~, 4H); l3C-NMR(CDCI3)63l*34, 32.35, 35.1 1, 3849, 89.97, 122.88, 128.41, 150.89, 


Reaction of 2,4,6-tri-t-butylphenylmagnesium Bromide with Thiophosgene 


The Grignard reagent was prepared from 2 (0.977 g, 3-0 mmol) and magnesium (86.0 mg, 3.54 
mmol) and to this solution was added thi~phosgene'~ (0.26m1, 3.4 mmol) at room 
temperature. The reaction mixture was stirred for 15 h at room temperature and heated under 
reflux for 6 h  to give a deep purple solution. Usual workup followed by DCC (silica gel, 
hexane) afforded 13 (0*17g, 0.26mmo1, 17%), 14 (0.14g7 0.24mmo1, 16%), and 15 (0-23g, 
0.81 mmol, 27%). 
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ABSTRACT 


Theoretical studies on the reactions of ammonia with ketene and dimethylketene using the MNDO 
method are reported. The single step addition of ammonia to the olefinic bond of ketenes was found to 
provide a lower energy-barrier path than the two step carbonyl addition mechanism. The barrier height 
was lower in the reaction of keten compared with that of dimethylketene in support of the faster rate of 
solution phase reactions of aniline and ketenes. The deformation energies of reactants had an 
overwhelming influence in determining the activation barriers in all the reactions investigated. 


INTRODUCTION 


Acylation reactions of carboxylic acids, alcohols, and amines by ketenes have been widely 
studied owing to their industrial importance.' Blake and Davies' reported the gas phase 
kinetic studies on the addition of ketene to acetic acid to give acetic anhydride and proposed a 
six-center cyclic transition state (TS) formed by attachment of the carbonyl oxygen of the acid 
to the carbonyl carbon of ketene. On the other hand, Lillford and Satchel13 found for the 
reaction in ether of rn-chloroaniline with ketene that the rate equation has the form given by 
equation (1). 


rate = (kl[ArNH2] + k2[ArNH2I2) [ketene] (1) 


This indicates the involvement of a path with one aniline molecule in the TS in addition to the 
dimer par t i~ipat ion.~ They concluded that the reaction proceeds via a straightforward single 
step addition to the olefinic bond with the TS of structure (1). 
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In order to account for the low reactivity of dirnethylketene relative to ketene, however, 
they considered the possibility of a carbonyl addition mechanism in which an ion-pair 
intermediate is formed prior to the rate determining attack on the &-carbon, as shown in 
Scheme 1.3 


f'lst slow 
R2C=C=0 + A r N H 2 e R 2 C = C i - O H  + ArNH- d 


0 
II 


R2C = C--OH -% R2CH -1C-NHAr 
I 


NHAr 


Scheme 1 


Their HMO calculations on the atomic charge distributions indicated that the negative 
charge on the carbonyl oxygen of ketene is greater than that of dimethylketene, and the 
carbonyl oxygen has a greater negative charge than the b-carbon atom in both compounds 
(Table 1). 


Table 1. Comparison of geometrical parameters and atomic charge distributions of ketene and 
dimethylketene" ( R I R I C ~ C i = 0 4 )  


Method Geometrical Parameters Atomic Charges Reference 
dI2  d2, d34 ~123 1 2 3 4  


MNDO 1.085 1.319 1.184 121.78 +0-09 -.28 +0.26 -0.17 Thiswork 
Ketene ab initio +0*22 -0.53 +0.24 -0.14 10 


HMO -0.22 +0-49 -0.41 3 
Experim. 1.071 1.314 1.161 119-00 11 


Dimethyl- MNDO 1-SO3 1.330 1.181 120.56 +049 -0.35 +0.31 -0.16 This work 
Ketene HMO -0.09 +047  -0.39 3 


"d in A, angle in degree and charge in a.u 


In this work, in order to examine the mechanism of acylation reactions of amines by ketene, 
we have carried out the MNDO computations'" on the reactions of ketene and dimethylketene 
with ammonia. 


CALCULATIONS 


The calculations were carried out using the standard MNDO procedure. Geometries of all 
species at  stationary points on the potential energy surface were fully optimized using the 
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Davidon-Fletcher-Powell m e t h ~ d . ~ " ~  Transition states were located by the reaction 
coordinate method," refined by the gradient norm minimization' and characterized by 
confirming only one negative eigenvalue in the Hessian matrix.8 The TSs were also confirmed 
by the downhill energy optimization in both directions along the reaction coordinate to find 
the appropriate reactants, intermediates, and products. 


Zero-point energies, entropies, and enthalpy corrections for temperature changes were 
calculated using the procedures implemented in the AMPAC programs." 


RESULTS AND DISCUSSION 


The optimized geometries and atomic charges of ketene and dimethylketene are compared 
with experimental and other MO results in Table 1. The MNDO geometries are seen to agree 
satisfactorily with those of the experimental values. Moreover our MNDO atomic charge 
distributions exhibit similar trends to those of the ah inifio calculations. In contrast, the HMO 
atomic charges show a notable discrepancy as to the relative magnitude of negative charges on 
the carbonyl oxygen and the P-carbon atom. This is an important aspect with regard to the 
probable reaction path, since a greater negative charge on the carbonyl oxygen would favor 
the carbonyl addition mechanism in Scheme 1, whereas a greater negative charge on the 
P-carbon will favor the addition to the olefinic bond with the structure (1). In order to 
investigate the protonation behaviour of the ketenes, we have compared relative stabilities of 
the three protonated tautomers in Table 2. In excellent agreement with the ab initio values, 
our MNDO results predict the @-carbon protonation to be the most preferred form. It is 
therefore unlikely that an ion-pair is formed by protonating the carbonyl oxygen as in Scheme 
1.  In this work, we have disregarded the ion-pair intermediate and considered two paths : a 
single-step path, (a), and a two-step path, (b), which involves an intermediate (2 )  as shown in 
Scheme 2. 


Table 2. Relative energies of protonated ketene 
tautomers (in kcalhol) 


P-C-H+ LX-C-H+ O-H+ 


MNDO 0 56-2 26-7 
ab inition" 0 58.2 29.2 


OH / c=c R, 
R' YNH, R=H or  C H ~  


(2) 


Scheme 2 
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We will adopt abbreviations K-a, K-b and DK-a, DK-b for the reaction paths a and b of 
ketene (K) and dimethylketen (DK), respectively. 


The potential energy profiles for K-a and K-b, and DK-a and DK-b are presented in Figures 
1 and 2 .  In order to compare our results with the solution-phase data, we have calculated the 
Gibbs free energy of activation, AGf , by evaluating zero-point energies, Zo, entropies, S, 
and enthalpy corrections for the temperature changes, AH,, in addition to the heats of 
formation, AHf. The results are summarized in Table 3. For the two-step path, (b), the A G f  
values are evaluated only for the first step corresponding to TS1, although the barrier for TS1 
is actually lower than that for the second step, TS2. Yet in both cases, i.e., for K-b and DK-b, 
the computed AGf values indicate that the first step, TSl, in path (b) is unfavorable 
compared with that in path (a), i.e., K-a and DK-1. Thus the energetics favours the single step 
path, (a), over path (b), in agreement with the conclusion reached experimentally by Satchel1 
etaf. Moreover path (b) has an intermediate which is more stable than the reactants and hence 
the rate equation (1) does not apply." This conclusion will be strengthened and become more 
obvious if we take into consideration the even higher second activation barrier, TS2, in path 
(b). The 1,3-hydrogen shifts involved in the second step of path (b) for both ketene and 
dimethylketene have activation barriers nearly equivalent to those of the similar processes 
obtained by the ab initio calculations, l3 indicating that the deficiency of the MNDO method in 
handling the hydrogen bond energies l4 does not seem to matter in these types of problems. 


H2C=C=0 + NH3 - CH3CONH2 HZC-CQ + NH3+H2CC(NH2)0H---SCH3CONHZ 


45.67 


L 
-47.99 


\, 


(a) (b) 


Figure 1 .  Energy profiles of (a) reaction K-a and (b) reaction K-b (in k c a h o l j  


I 
i 


-54.88 


(a) (b) 


Figure 2. Energy profiles of (a) reaction DK-a and (b) reaction DK-b (in kcal/mol) 
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Table 3. Heats of formation (AHf), zero-point energies (Zo), enthalpy corrections for temperature 
changes (AHT), entropies (S), and activation free energies (AGz)” for species on stationary points 


(kcal/mol) in the reactions of ketenes and ammonia 


Reaction Reactant TS I Interm TS2 Prod. 6G’ 
Pathb AH‘: Z,, A H ,  5’’ AHI Z,, A H ,  S (2) 


K-a -13.07 44.41 4-95 102.51 36.10 43.03 3.45 68.10 -47.99 56.53 
K-b -13.07 44.41 4.95 102.51 35.72 43.63 3.11 65.42 -35.05 45.67 -47.99 57.21 
DK-a -33.00 81.92 6.36 118.90 16.07 80.67 5.10 82.67 -54.88 57.36 
DK-b -334.M 81.92 6.36 118.90 18.26 80.24 5.11 84.25 -49.73 25.03 -54.88 58.66 


“At 298K; hFor abbreviations, see text.; ‘In caVmo1.K 


Reference to Figures 1 and 2 also reveals that in all cases irrespective of the reaction path, 
ketene has a lower activation barrier AGf than dimethylketene; this is again in agreement 
with the greater rate of reaction between keten and rn-chloroaniline found experimentally.3 It 
is also to be noted that the rate retardation with dimethylketene will be enhance due to a 
greater steric repulsion, especially in the reactions with a bulky reactant, rn-chloroaniline. This 
steric repulsion may also contribute to a 
sterically crowded carbonyl addition, (4). 


H 


1.1&4 /pH 
H- 


; 86.44; 
1.628: :1 .557 


e: 


facile olefinic addition, (3), compared with the 


\? ,001 
q,, 


H ! 1.003 
?1.110 


‘ 1.523 


1.10 ypC\230 111.51  


Product 0 


H .‘ 
... 0.998 n 


TS 1 ( 2 )  TS 2 


(b) 


Figure 3. Stationary point structures of (a) reaction K-a and (b) reaction K-b (bond lengths in 8, and angles 
in degree) 
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H 


i 1 . 5 3 7  


CH3 TS1 


B." ;I . 0 1 2  


TS I 


H 1 . 2 5 1  
H 


I . 55y' 


f i . 0 5  I 2 Y 6 3  hs 


:b , 9 9 9  113.92 ,, 0 
d . 9 4 7  H' 


( 2 )  K TS 2 


( b )  


Figure 4. Stationary point structures of (a) reaction DK-a and (b) reaciton DK-I) (bond lengths in A and 
angles in degree) 


Fully optimized stationary point geometries are presented in Figures 3 and 4 for ketene and 
dimethylketene reactions, respectively. Various other conformers are possible for products 
and intermediates, but the structures given in the Figures are those which are the most stable 
form. Inspection of the optimized structures in Figures 3 and 4 reveals : (i) the transition state 
of the first step (TS1) in all cases has a common four center cyclic structure. (ii) the structure of 
TS1 for the K-a process is more product-like than that for the DK-a process, demonstrating 
adherence to the Hammond postulate" in view of the greater exothermicity of K-a than DK-a 
(Figures l a  and 2a). (iii) Angular distortion of LCCO in the activation to TS1 is greater in path 
(b) than in path (a) due to the steric crowding in structure (4) above. (iv) the structure of the 
intermediates in path (b) are largely influenced by a dipole-dipole interaction between 0-H 
and C-N bonds and the steric effect between CR2 (R=H or CH3) and NH2 groups. (v) The 
structures of the products for the two reactions have a common feature that the nonbonding 
orbitals, n ,  on N interact effectively with the n* orbital of the CO bond, (vi) the product in the 
dimethylketene reaction is formed so as to minimize the steric effect between the CHT group 
and the H of the amino group. 


Useful mechanistic information can be obtained by the decomposition of activation energies 
into deformation, Df, and interaction energies, I , ,  as represented in Scheme 3." 


Scheme 3 
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Table 4. Energy decomposition analysis for the reactions of 
ketenes and ammonia (kcal/mol) 


Reaction 
Path" Df In AZ2Ei A( VNN- Vcc)  


K-a 49.80 -0.62 -9-088 9-061 
K-b 67.96 -19.16 - 12.493 1 1-662 
DK-a 58.34 -9.27 -5.289 4.887 
DK-b 70-30 - 19.04 -7.362 6.537 


"For abbreviations. see text. 


Table 5 .  Variation of atomic charges in the reactions of ketenes and ammonia" (a.u.) 


Reaction Reactant Deformed Fragment TS ' 
Pathb 1 2 3 4 1 2 3 4 I 2 3 4 


K-a -0.28 +0.26 -0.33 + 0 4 X  -0.24 +0.24 -0.34 +0*14 -0.52 +Us41 -0.21 +0.24 
K-b +0.26 -0.17 +0*08 -0.23 +0.21 +0.20 -0.16 -0.38 +0.19 -0.44 +0.29 -0-18 
DK-a -0.35 +0.31 -0.23 f 0 4 8  -0.32 +0.28 -0.36 +(].I5 -0.56 +0.41 -0.22 +0-26 
DK-b +W31 -0.61 +048 -0.23 +0.26 -0.19 +0*16 -0.38 +()a24 -0.43 +0.29 -0.19 


\ /  "Numbering schemes are for K-a and DK-a and I /  
H 4 - N 1  A, 


0 0; 


\ '  , I  I )  -c--- , I--(+ ,C-% ,H, 


for K-b and DK-b.;  hFor abbreviations, see text. 


In this scheme A and €3 are the reactants, and A' and B' are the deformed fragments 
comprising the TS. A'-B'. The deformation and interaction energies are summarized in 
Table 4 for TSl of the four reaction paths studied in this work. The interaction energies may 
be further subdivided into orbital energy changes, A E ~ E , ,  which reflect the effects of electron 
delocalization, non-bonded interactions etc., " and repulsive energy changes, A( V" - Vcc),  
which can be taken to account for the net steric repulsion effect in the activation." The results 
in Table 4 clearly demonstrate the dominant influences, over 100%, of the deformation energy 
on the activation barrier, AHf; this is to be compared with -70% contribution of D f  in the 
reaction of HCNO and H 2 0 i 9  and -20% in the reaction of C H 2 = G N H  with H20.20 


Atomic charges are summarized in Table 5 for reactants, deformed fragments and TS1. 
Notable charge variations occuring in the formation of deformed fragments are the increases 
in negative charge on N and positive charge on the transferring H.  This corresponds to an 
incipient electron shift involved in a partial scission of the N-H bond. On the other hand, the 
changes in atomic charges accompanied in the TS formation from the two fragments (i.e., the 
negative charge decrease on N, the positive charge increases on transferring H and a-carbon, 
and the negative charge increase on P-carbon) indicate that the lone pair on N is mobilized in 
the formation of a partial bond between N and a-carbon and the olefinic x bond begins to 
break transferring part of x electrons toward fibcarbon (or carbonyl oxygen in path (b)). The 
electron shifts involved in the activation follow the exact patterns that are expected in the 
product formation as shown in (5) and (6). 
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We conclude that the reactions of ammonia with ketenes take place through a single step 
addition to  the olefinic bond, and the reactions are largely controlled by the deformation of 
reactants in the  activation. 
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INTRAMOLECULAR ORIENTATION AT THE 
MICELLAR INTERFACE: CONTROL OF NORRISH 


TYPE I AND TYPE I1 REACTIVITY OF 
BENZOINALKYLETHERS VIA CONFORMATIONAL 


EFFECTS 


S. DEVANATHAN A N D  V. RAMAMURTHY 
Department of Organic Chemi.rtry, Indian Institute of Science, Bangalore-560 012, India 


ABSTRACT 


The photolysis of benzoinalkylethers 1-5 solubilized in detergents show a significant deviation from the 
course of reaction in isotropic organic solvents. Remarkable difference in photobehaviour is noticed 
between the short chain (1-3) and the long chain (4 and 5 )  benzoinalkylethers in the micellar media. 
However, the influence of the micellar media on the photobehaviour of alkyldeoxybenzoins 6 and 7 was 
small. The importance of ‘cage effect’ in controlling the product distribution was evident from its 
dependence on the micellar size and on the occupancy number. More importantly, a comparative 
analysis of the photobehaviour of the ketone 1-7 reveals that the micellar interface can be used t o  control 
the conformations of organic molecules. 


Organized assemblies continue to attract the attention of photochemists. ’ Recent reports have 
demonstrated that a considerable degree of product control can be achieved by working in 
organized systems. Proximity, favourable orientation and microscopic environment are some 
of the factors which contribute to the required optimization of a particular chemical event in 
organized media. We illustrate below through the photobehaviour of benzoinalkylethers 1-5 
(Scheme 1) that micelles can be used to control the conformations of the reactant guest 
species. Benzoinalkylethers are known to undergo Norrish type I reaction as the only 
photoreaction in organic solvents (Scheme 1).2 The type I1 reaction, even if feasible in these 
substrates, is not observed, probably owing to the overwhelmingly faster type I process. The 
incorporation of such a system into the ‘super cage’ provided by the micelle3 is expected to 
suppress the type I process, the initially formed a-cleavage radical being facilitated to 
recombine to regenerate the starting benzoin ether. Under such circumstances, the normally 
slow type I1 process would become detectable, provided the conformation of the molecule is 
suitable for H-abstraction process. We envisioned that the tendency of the polar oxygens of 
the carbonyl and the alkoxy groups in 1-3 to point towards the aqueous exterior would lead to 
conformation B (Figure 1) and thus to the type I1 products. To further probe such a 
conformational control in micelles compounds 4-7 were investigated. In one set of 
compounds, longer alkyl chains were introduced on the alkoxy moiety (4 and 5 )  that would 


089&3230/88/02009 1-12$06.00 
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prefer to reside in the interior of the micellar core, thus attempting to populate conformer A 
(Figure 1) to increasing extents. In such an event, even in the presence of 'cage control' there 
is no possibility of obtaining the type I1 reaction. In the other set of compounds, alkoxy group 
was replaced by the alkyl substituent. a-Propyl and a-octyl deoxybenzoins (6 and 7) were 
investigated with the hope that in such molecules, in the absence of the second oxygen, the 
conformational control exerted by the micellar interface would be small. 


B A 


Figure 1 .  Probable conformations of short chain and long chain benzoinalkylethers at micellar-aqueous interface 
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RESULTS 


Photolysis of benzoinalkylethers 1-3 in N2 saturated benzene and methanol resulted in 
benzaldehyde, benzil and pinacol ethers (Tables 1 and 2). Under aerated conditions small 
amounts of benzoic acid and alkyl benzoates were also obtained. Irradiation of 4 and 5 in N2 
saturated benzene solution gave benzaldehyde, pinacol ethers, benzil and deoxybenzoin 
(Tables 2 and 3). While the first three products result from the Norrish type I &-cleavage 
process, deoxybenzoin arises from the intramolecular y-hydrogen abstraction. The above 
solution results are unexceptional and are analogous to the literature r e p ~ r t s . ~ , ~  On the basis 
of the earlier studies on similar systems, it is assumed that 1-5 have unit intersystem crossing 
efficiency and undergo a-cleavage and y-hydrogen abstraction from the triplet excited nn* 
state. 


Table 1. Product distribution upon photolysis of benzoin methyl ether i n  various micelles"." 


Methyl Pinacol 
Medium" Benzaldehyde" benzoate ether Benzil Deoxybenzoin Oxetanol 


Benzene 


Methanol 


Sodium octyl 
sulphate 


Sodium decyl 
sulphate 


Sodium dodecyl 
sulphate 


Potassium 
decanoate 


Potassium 
dodecanoate 


Dodecyl trimethyl 
ammonium bromide 


Dodecyl trimethyl 
ammonium chloride 


Cetyl trimethyl 
ammonium bromide 


Cetyl trimethyl 
ammonium chloride 


27 


17 


45 


32 


32 


38 


28 


34 


40 


17 


14 


- 


- 


9 


8 


17 


7 


10 


6 


10 


15 


14 


39 


62 


27 


45 


23 


34 


38 


37 


30 


13 


8 


- 


- 


5 


4 


12 


10 


10 


6 


5 


3 


4 


- 


- 


2 


1 


6 


1 


5 


6 


5 


44 


52 


"Products were analysed by gc using an internal standard; error limit k 5%; Conversion < 20%. 
'All irradiations were conducted under N2 atmosphcre. 
"Benzaldehyde could not be estimated accurately due to its solubility in water during extraction. The extent of 
the type I reaction could be gauged from the yield of the pinacol ether. 
dAll micellar irradiations were conducted at an occupancy number of one. 
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Table 3. Dependence of product distribution on the micellar size"-photolysis of benzoin octyl 
ether 


p-Benzoyl 
benzyl 


Octyl Pinacol Deoxy alkyl 
Medium Benzaldehye benzoate ether benzoin ether (8) 


Benzene 12 - 49 3 - 


- - Sodium dodecyl sulphate 4 18 73 
- - Potassium decanoate 6 18 73 


Potassium dodecanoate 5 18 71 2 - 


Dodecyl trimethyl 
ammonium chloride 


Dodecyl trimethyl 
ammonium bromide 


Cetyl trimethyl 
ammonium bromide 
Cetyl trimethyl 
ammonium chloride 


- 7 24 63 2 


- 6 21 68 2 


4 18 30 2 42 


3 15 36 2 45 


"All micellar irradiations were conducted at an occupancy number of one. 


Photolyses of the micellar solubilized 1-3 yielded Norrish type I1 products along with those 
from the type I process. The yield of the y-hydrogen abstraction products was dependent on 
the micellar size (Table 1) and on the occupancy number (Table 4) of the guest ketone in the 
micelle. Larger size of the micelle and lower occupancy of the guest in the micelle favoured 
Norrish type I1 products. However, the product distribution was only marginally dependent on 
the head group and on the counter-ion of the surfactants used. As evident from Tables 1 and 4 
Norrish type I1 products constitute > 60% of the product mixture when irradiation of 
benzoinmethlylether was carried out in cetyltrimethyl ammonium bromide (CTAB) and 
cetyltrimethyl ammonium chloride (CTAC) micelles. 


In micellar media, benzoinhexylether and benxzoinoctylether behaved differently from that 
of 1-3. Irradiation of 4 and 5 in CTAB and CTAC micelles gave, in major amounts, a 
rearranged product (Scheme 1) derived via the rearrangement of the a-cleavage radicals 
(Tables 2 ,3  and 5). In contrast to the photobehaviour of 1-3, y-hydrogen abstraction products 
are formed only in minor amounts. However, the yield of the rearranged product 8 was 
dependent on the micellar size (Table 3) and on  the occupancy number (Table 5). 


a-Propyldeoxybenzoin and a-octyldeoxybenzoin undergo Norrish type I and type IT 
reactions upon irradiation either in benzene or in methanol. Cyclobutanols and deoxybenzoin 
were obtained as the products of the type I1 process. The products resulting via the a-cleavage 
included benzaidehyde, benzil and diphenylethane. Similar to 1-5, photolysis of 6 and 7 were 
conducted in micelles under varying occupancy number. Micellar influence on the 
photobehaviour of 6 and 7 was only marginal in comparison to isotropic solvents (Table 6). 


All irradiations were limited to < 20% consumption of the starting benzoinalkylethers and 
alkyldeoxybenzoins. Products were recovered by diluting the micellar solution below the 
critical micelle concentration (CMC) and extracting repeatedly with either ether or 
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Table 4. Dependence of product distribution upon the occupancy number-photolysis of 
benzoin methyl ether in micelles 


Occupancy 
Number ( S )  


p-Benzoyl 
benzyl 


Methyl Pinacol alkyl Deoxy- 
Benzaldehyde benzoate ether ether (8) benzoin Oxetanol 


( i>  


(ii) 


(iii) 


Sodium dodecyl 
sulphate 
0.5 
1.0 
2.0 
4.0 


Cetyl trimethyl 
ammonium bromide 
0-5 
1.0 
2.0 
4.0 


Cetyl trimethyl 
ammonium chloride 
0.5 
1.0 
2.0 
4.0 


28 
31 
26 
34 


21 
13 
14 
9 


19 
9 
8 


13 


6 
17 
7 


14 


6 
15 
5 


11 


- 
14 
7 


14 


33 
24 
36 
28 


6 
13 
24 
37 


7 
8 


17 
27 


- 
- 
- 
- 


6 
5 
9 
7 


7 
4 
4 
2 


6 7 
12 6 
14 7 
8 6 


3 47 
3 42 
9 38 


14 18 


1 61 
4 52 
4 48 
5 27 


Table 5.  Photolysis of benzoin octyl ether in micelles-dependence of product 
distribution on occupancy number 


Occupancy 
Number 


p-Benzoyl 
benzyl 


Octyl Pinacol Deoxy- alkyl 
Benzaldehyde benzoate ether benzoin ether (8) 


(i) Dodecyl trimethyl 
ammonium bromide 
0.5 14 14 71 2 
1.0 13 23 63 2 
2.0 12 30 58 2 
4.0 8 28 64 2 


ammonium bromide 


1.0 10 18 30 2 42 


- 
- 
- 
- 


(ii) Cetyl trimethyl 


0.5 6 42 2 53 


2.0 4 25 42 2 28 
4-0 6 24 48 2 22 


- 
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Table 6. Photolysis of a-propyldeoxybenzoin and or-octyldeoxybenzoin in micelles 
_ _ _ ~  ~~ 


Diphen yl 
Media Benzaldehyde alkane Deoxybenzoin Cyclobutanol 


a-Ropy ldeoxy benzoin 
Benzene 11 16 37 27 
DTAB 17 5 47 29 
CTAB 21 7 42 28 
DTAC 23 7 46 23 
CTAC 18 9 45 27 


Benzene 33 14 41 8 
DTAB 20 10 50 20 
CTAB 12 12 50 25 
DTAC 11 11 55 22 
CTAC 25 12 50 12 


a-Octyldeaxybenzoin 


Irradiations in micelles were conducted at an occupancy number one. 


chloroform. Excess sodium chloride was added in several cases to avoid foaming. Although 
the recovery of products from the irradiated micellar solutions was tedious, extraction 
efficiency was reasonably good. However, benzaldehyde, due to its solubility in water could 
not be estimated accurately. Each micellar irradiation was repeated five times and the product 
distribution between runs differed only within k 10%. Therefore, we assume extractability of 
products from the various surfactant solutions is reasonable and the relative product 
distributions shown in Tables 1-6 can be used to draw mechanistic conclusions. 


All the photoproducts were characterized based on their spectral properties and in the 
majority of cases by comparison with authentic samples. The spectral data for oxetanols, 
cyclobutanols, deoxybenzoin, pinacol ethers and diphenyl ethanes are already reporteds and 
those for p-benzoylbenzylalkylether (8) are provided in the experimental section. 


DISCUSSION 


Lewis and co-workers have analysed various aspects of the conformational effect on the 
photochemical behaviour of a large number of arylalkylketones,' Detailed presentation 
pertaining to alkoxybenzoinethers has recently been made by us' and by de Mayo and 
co-workers.' Points of interest are the following: in principle, benzoinalkylethers can exist in 
two general conformations limited by the geometry of the y-hydrogen (Scheme 2). Owing to 
non-bonded interactions of the electron pairs on the oxygen atoms, form A is preferred over B 
in isotropic organic solvents. Such is the case even in the crystalline state, where the minimum 
energy conformation is generally preferred.' Of these two forms, form A can give only the 
type I, whereas B is expected to undergo both the type I and the type I1 reactions. On the basis 
of this model, the predominance of type I cleavage in solution is attributable to the 
preponderance of the conformer A in the medium and to the high rate of a-cleavage. 
Therefore, the type I1 process in benzoinalkylethers, which is generally absent in isotropic 
solvents, can be brought about by encouraging the molecules to adopt the conformation B and 
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Types I ond I1 Type I only 


0 


J .cGXCHZR 
* /XCHzR OH 


Ph I 
Jrn C H  + 


Ph ph Ph 
Ph I 


X z O ;  CHZ 


Scheme 2 


by having a condition under which the rates of photoprocesses are higher than the rates of 
conformational isomerism. 


We infer below that both ‘cage effect’ and ‘conformational control’ are responsible for the 
variation in product distribution in micellar media as compared to that in isotropic organic 
solvents. The benzoyl-benzyl radical pair generated by the a-cleavage process would be 
restricted in their movement by the hydrophobicity of the micellar interior. This would 
facilitate recombination of the radical pair with and without rearrangement. This increase in 
cage recombination is indeed reflected in the increased formation of the rearranged product 
p-benzoylbenzylalkylether in various micelles. Such an effect has earlier been reported for 
dibenzyl ketone systems.’ 


While the ‘cage effect’ may undoubtedly be responsible for the formation of the type TI 
products in micellar medium, it cannot be the only reason. While the cage effect can reduce 
the efficiency of the type I product formation there must be other features which facilitate the 
occurrence of y-hydrogen abstraction. This, we propose, is the ‘conformational control’ or the 
control of intramolecular orientation at the micellar interface. On the basis of the hydrophobic 
parameters“’ and the tendency of the polar oxygens of the carbonyl and the alkoxy group to 
point towards the aqueous exterior one would anticipate that the conformer B would dominate 
at the interface. The proposed model for the reaction is illustrated in Scheme 3 .  According to 
this scheme, the formation of the type 11 products in micellar media is the result of two 
features-‘conformational effect and cage effect’-the former facilitates the occurrence of the 
type I1 reaction and the latter suppresses the formation of the type I products. 


Results presented in Tables 2, 3 and 5 further support the phenomenon of conformational 
control. Photolysis of 4 and 5 in a variety of micelles under different conditions did not give 
type II products, a behaviour different from that of 1-3, and yielded products derived only 
from the a-cleavage process. Surprisingly, a para rearranged isomer, p -  
benzoylbenzylalkylether (8) was obtained in substantial yield in CTAB and CTAC micelles. 
The yield of 8 was dependent on the occupancy number. The negligible enhancement of the 
type I1 products with respect to benzene is indeed consistent with the expectation that 4 and 5 
would prefer to be present in the conformation A at the micellar interface. The visualized 
mechanistic picture is illustrated in Scheme 4. Smaller volume of the micelle and the higher 
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RP 


@I 
Typo II producls 


c 
0 M o O H  


ph+Ph + Ph-Ph + PhCHO (Type I products) 
H O M  


Scheme 3 


0 


occupancy facilitate cage escape and combination between different benzoy .benzyl radical 
pairs, resulting in poor or negligible yields of the rearranged product 8 (Tables 3 and 5). The 
results on short chain and the long chain alkoxybenzoinethers (1-3 and 4, 5) when viewed 
together, reveal that an excellent conformational control can be achieved at the rnicellar 
interface by a suitable tailoring of the substrates. The basic strategy of such an approach 
involves the utilization of the difference in hydrophobicity of individual substituents in a 
molecule. 


One of the important factors that contributed to our success in altering the photobehaviour 
of benzoinalkylethers is their rapid rates of a-cleavage (10"' s- I)  and y-hydrogen abstraction 
(lo9 s-').ll This inherent property of the reacting system was further favoured by the rnicellar 
restriction of the rotational motions interconverting A* and B*. Presence of hydrogen bonds 
between the oxygen atoms (alkoxy and carbonyl) in 1-3 and the aqueous exterior (of the 
micellar interface) is expected to enhance the barrier for conversion of B* to A* (Scheme 3). 
Similarly, the hydrophobic effect and the inherent anomeric effect would reduce the rate of 
conversion of A* to B* in 4 and 5 (Scheme 4). 


The results obtained with alkyldeoxybenzoins 6 and 7 discussed below further amplify this 
aspect of the rnicellar control of photoreactions. As illustrated in Table 6, micellar effect on 
the product distribution of short chain (6) and long chain (7) alkyldeoxybenzoins is negligible. 
This observation leads us to conclude that in order to achieve selectivity in photoreactions it is 
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c 
Type I products 


Scheme 4 


essential to control the rotational motion of the single bond that interconverts A and B. In the 
case of alkyldeoxybenzoins, the absence of an oxygen in the side chain probably leads to poor 
conformational control at the micellar interface. Although, on the basis of the difference in the 
hydrophobicities of the alkyl and the phenyl substituents, one would expect some preferential 
orientation, apparently the forces are not sufficiently strong to arrest the rotational motion. 


Results presented here establish that conformational control can be achieved at the micellar 
interface and that it can be used to bring about selective organic phototransformations. ' ' 
Although, micelles are probably one among the least organized of microheterogeneous 
assemblies, it has become evident that inter-" and intra-molecular orientation of organic 
molecules can be achieved using this medium. This would be of considerable synthetic 
interest. Furthermore, the fact that benzoinalkylethers and alkyldeoxybenzoins, investigated 
here, have lent themselves to a certain amount of predictability encourages further exploration 
of micelles as a reaction medium. 


EXPERIMENTAL 


Materials 


The detergents sodium octyl sulphate, sodium decylsulphate, sodium dodecylsulphate, 
dodecyl trimethyl ammonium bromide, cetyl trimethyl ammonium bromide (all from Sigma), 
dodecyl tri-methyl ammonium chloride and cetyl trimethyl ammonium chloride (Eastman- 
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Kodak) were recrystallized twice from 95% ethanol and methanol-ether mixture and dried at 
room temperature. Potassium decanoate and potassium dodecanoate were preparedI3 from 
the corresponding acids by the neutralization of a hot methanolic solution of the acid with a 
hot methanolic solution of potassium hydroxide. The solution was filtered hot and allowed to 
crystallize at room temperature. The colourless crystals were filtered and recrystallized twice 
from methanol. 


Doubly distilled water was used for micellization. Benzene, hexane and chloroform were 
distilled prior to use. Benzoinalkylethers 1-5 and alkyldeoxybenzoins 6 and 7 were prepared 
by reported procedures.I4 Details of preparation and spectral properties of 1-7 have been 
reported earlier. Solid samples were recrystallized several times from petroleum ether and 
liquid samples were distilled before use. The para substituted benzophenone 8a-e, the 
rearranged product from 1-5 were prepared from p-methylbenzophone as follows. " These 
were required as authentic samples for identification of products of photolysis. 


A mixture of p-methylbenzophenone (5 g), N-bromosuccinimide (5  g) and azobisisobutyro- 
nitrile (Smg) in carbon tetrachloride (100ml) was refluxed for 12h. After cooling, the 
precipitated succinimide was filtered from the solution and the filtrate concentrated in vacuo 
to give p-benzoylbenzylbromide (5  g). 


From p-benzoylbenzylbromide, Sa-e, were prepared by using the corresponding alcohols 
and sodium hydroxide. A mixture of sodium hydroxide (22 mg) and the corresponding alcohol 
(2 mi) were added to the above p-benzoylbenzylbromide at reflux temperature and further 
refluxed for 9h .  The crude mixture was extracted with ether, dried and evaporated. The 
products were purified by repeated column chromatography (silica gel-hexanekhloroform). 
IR and NMR spectral data of 8a-e are provided below. 
8a: 1R (Neat) cm-' - 1660. 


8b: IR (Neat) cm-' - 3040, 3020, 1660. 


8c: IR (Neat) cm-' - 1660, 1380-1370. 


8d: IR (Neat) cm-' - 3040, 3020 and 1660. 


'H-NMR(CDCI3) - 6 3.4(s, 3H); 4.5(s, 2H); 7.28-7.92(m. 9H) 


'H-NMR(CDCI3) - 6 l - l ( t ,  3H); 3.51(q, 2H); 4-6(s, 2H); 7-2&7-92(m, 9H). 


'H-NMR(CDC13) - 6 l - l (d ,  6H); 3.8(h, 1H); 4.6(s, 2H); 7-28-7.92(m, 9H). 


'H-NMR(CDCI3) - 6 0.99(t, 3H); 14-1-6(m, 8H); 3*51(t, 2H); 4-59(s, 2H); 7.3-7-8(m, 
9H). 


8e: IR (Neat) cm-' - 3020, 3010, 1660. 
'H-NMR(CDCI3) - 6 0-99(t, 3H); 14-1-6(m, 12H); 3.46(t, 2H); 7.23-7-9S(m, 9H). 


Solubilization and Irradiation of Benxoinalkylethers and Alkyldeoxybenzoins in Micelles 


Weighed amounts of 1-7 were stirred for 12h with lOOml of the surfactant solutions of 
concentrations well above the critical micelle concentration. The micellar solutions were 
filtered through Whatman No. 1 filter paper to remove suspended particles, if any. By a 
similar procedure, micellar solutions containing various occupancy numbers of 1 and 5 were 
prepared. 


Transparent micellar solutions were taken in Pyrex tubes, deaerated by bubbling N2 through 
the solution for about 30mins and tightly stoppered. These solutions were photolysed in a 
Rayonet reactor fitted with RPR-3000 lamps for 2 h. Conversions were kept below 15% for 
analytical irradiations and were taken to < 60% for product identification. 
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At the end of the photolysis, a known amount of the internal standard (biphenyl) was 
added, the micellar solution was diluted below CMC and extracted with ether and chloroform. 
To improve the efficiency of the extraction of photoproducts excess of sodium chloride was 
added to the aqueous solution to salt out the organic material. The products were analysed by 
gas chromatography (Chemito Model 3800, 10% SE-30; 5” X 1/8”; temperature 120-250°C 
programmed). All products except 8 have already been identified on the gc trace. Products 
8a-e were characterized on the basis of their spectral properties and by comparison with 
authentic samples prepared as described above. Distribution of products were estimated with 
reference to the internal standard. Results are summarized in Tables 1-6. 


Irradiation of 1-7 were also conducted in benzene and methanol. The procedure for 
irradiation and analyses were similar to the one described above. 
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ABSTRACT 


A novel oxygen induced reduction of a,@-unsaturated carbonyl compounds is discovered. The reduction 
of the carbon-carbon double bond of a,P-unsaturated carbonyl compounds by benzeneselenol was 
caused by an introduction of molecular oxygen into the reaction system. This reduction is likely to 
proceed via a radical chain pathway involving an SH2 type reaction between a phenylseleno radical and a 
1,Z-adduct of benzeneselenol to  the carbonyl group of the cu,@-unsaturated carbonyl compound to  give an 
allylic radical which absracts a hydrogen atom from benzeneselenol to  form the reduction product. 


INTRODUCTION 


It is generally agreed that molecular oxygen should be excluded from the reaction media when 
reduction is to be performed. To the best of our knowledge, there exist few examples in which 
oxygen induces or accelerates reduction. (In the diimide reduction, oxygen has been used for 
the generation of diimide, NH=NH, from hydrazine.)' During the course of our study on the 
reactivity of benzeneselenol (l), we found that the reduction of the carbon-carbon double 
bond of a$-unsaturated carbonyl compounds with benzeneselenol (some reactions in which 
benzeneselenol acts as a reducing agent are known)2 was caused by an action of molecular 
oxygen to afford corresponding saturated carbonyl compounds. We wish to report here this 
very rare case in which oxygen promotes the reduction. 


PhSe 0 


R A R '  + PhSeH - 02 R A R l  + R A A R ~  


1 3 4 2 


A typical example is as follows. Benzeneselenol (13 nimol) was added to a dry degassed 
1,2,3,4-tetrahydronaphthaIene (25 ml) solution of 2-butenal (2a, 13 mmol) and the mixture 
was stirred at 40 "C for 5 h in a sealed apparatus. Without oxygen, Michael type addition 
occurred predominantly to give 3-phenylselenobutanal (4a) in 42% yield.3 Interestingly, 
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however, when a small amount of oxygen was introduced into the apparatus, the reduction of 
the carbon-carbon double bond took place competitively to yield butanal (3a, 27% in the case 
of 6mol% of oxygen and 39% for 27mol% of oxygen) as well as 4a. Noteworthy is that the 
yield of the reduction product increases with increase in the amount of oxygen. 


Similar oxygen induced reduction reactions of several @,&unsaturated aldehydes and 
ketones by benzeneselenol have been conveniently performed in air. Representative results 
are summarized in Table 1. 


Table 1. Reaction of @$-unsaturated car- 
bony1 compounds with benzeneselenol in the 


presence of oxygen 


substrate yield, % 
R R' 3 4 


2s CH3 H 51 9 
2b H H 35 38 
2c Ph H 86 14 
2d H CH3 1 1  63 
2e CH? CH3 16 43 
2f Ph CN 49 51 


The intermediacy of the Michael type adduct (4) in the reduction pathway is clearly ruled 
out by the fact that reduction products (3) were not obtained from the reaction of 4 with 
benzeneselenol under similar conditions. Since it is likely that the phenylseleno radical is 
formed in the reaction system by the reaction of benzeneselenol with oxygen (it is known that 
benzenethiol reacts with oxygen to give thiyl radical in first order on each component): the 
present reduction is suggested to proceed via a free radical pathway. A plausible reaction path 
is shown in the Scheme. At the initial stage, 1,4- and 1,Zaddition of benzeneselenol to 
a$-unsaturated carbonyl compounds afford 5 and 6, respectively, and 1,4-adduct (5 )  
isomerizes immediately to a Michael type adduct (4). In the presence of oxygen, only the 
1,2-adduct (6) undergoes further SH2 type reaction by the attack of phenylseleno radical onto 
the selenium atom of 6. The elimination of diphenyl diselenide from 7 gives a relatively stable 
allylic radical intermediate (S), which then abstracts hydrogen from benzeneselenol to yield 
saturated carbonyl compounds. Phenylseleno radical regenerated at the last stage may cause 
the chain reaction. This mechanism is supported by the following facts. i) The reaction of 
saturated carbonyl compounds with benzeneselenol undergoes 1,2-addition smoothly in the 
similar reaction system, for example, l-phenylseleno-3-phenylpropan-1-01 can be isolated by 
the reaction of 3-phenylpropanal with benzeneselenol. ii) The phenylseleno.group of cinnamyl 
phenyl selenide (PhCH=CHCH2SePh), a model compound of 6, is replaced with hydrogen 
under the similar conditions. 


The reduction of enones proceeded in lower yields than that of enals, probably because the 
initial formation of selenohemiacetal (6) is suppressed due to the bulkiness of the alkyl group 
on the enone. It should be recalled that carbon radicals generally undergo dimerization or 
react with molecular oxygen when oxygen is present. However in the present reduction, such 
reactions are not observed and carbon radicals abstract hydrogen from benzeneselenol 
exclusively. This may be due to a weak Se-H bond energy of benzeneselenol. We have 
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PhSeH 
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1,Z-addition 


OH OH OH 0 
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6 
S'ePh 


7 


Scheme 


already demonstrated that hydrogen selenide transfers hydrogen quite rapidly toward a variety 
of carbon radicals and the rate constant of hydrogen transfer to the secondary carbon radical 
has been estimated to be about 1.6 x 10' M - ~ s - ' . ~  It is likely that the H-Se bond energy of 
PhSeH should be smaller than that of  H2Se (73kcal/mol)," since H-S bond energy of PhSH 
(82 kcal/mol)' is smaller than that of H2S (9lkcal/m0l)~ by about 9kcal/mol. This 
extraordinarily high hydrogen transfer ability of benzeneselenol must be a key to the success of 
the present oxygen induced reduction to take place. 
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ABSTRACT 


Reduction of aromatic aldehydes by benzeneselenol is found to be promoted by molecular oxygen to give 
corresponding alcohols in good yields. No reduction took place without oxygen. 


A free radical process involving SH2 reaction at the selenium atom is proposed where the phenylseleno 
radical attacks the selenium atom of selenohemiacetal, the adduct of benzeneselenol to aldehyde, to give 
the ketyl radical which then abstracts hydrogen from benzeneselenol. The intermediacy of 
selenohemiacetal is supported by a quantitative reduction of a-methoxybenzyl phenyl selenide, which is 
used as a model compound of the intermediate. 


INTRODUCTION 


During the course of our study on the reactivity of benzeneselenol (I) , '  we found that 
benzeneselenol shows a unique reducing ability toward some olefinic compounds when oxygen 
is present. For example, the reaction of a,P-unsaturated carbonyl compounds2 with 
benzeneselenol in the presence of oxygen results in the selective reduction of the 
carbon-carbon double bond to give corresponding saturated carbonyl compounds. It has been 
suggested the reduction involves a radical chain mechanism initiated by oxygen. We now wish 
to report that the present benzeneselenol-oxygen reduction system is also useful for reduction 
of aromatic aldehydes to the corresponding alcohols. 


PhSeH f 02 
XC 6 H 4 CHO - XCljH4CH20H 


I1 I11 


A typical example of the reduction in the presence of oxygen is given below. In a sealed 
apparatus filled with nitrogen, were placed benzaldehyde (IIa, 1 rnmol, 106 mg), dry degassed 
benzene (2.5 ml), and benzeneselenol ( 3  mmol, 471 rng). At this stage, reduction did not take 
place (lO°C, ZOh). However, when oxygen (20rnol%) was admitted into the apparatus, the 
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Table 1. Reduction of aromatic aldehydes with benzeneselenol 


entry substrate additive mol% yield, % 
X I l l  


1" IIa H none trace 
2" 0 2  4 trace 
3" 10 43 
4" 20 63 


Ilb p-CI air 62 
6h Ilc P - C h  38 
7h IId p-CH30 86 
sh IIe P-CH~ 59 
9h IIF rn-CH3 89 


loh m o-CH~ 94 
11' IIa H AIBN 10 18 
12" 50 55 
13" 100 63 


"IO"C.20h in benzene. 
"1O"C, 20 h in Et,O under air atmosphere. 
'llO"C, 1 h in toluene. 


reduction started and benzyl alcohol (IIIa) was obtained as a reduction product in 63% yield. 
The by-product was diphenyl diselenide. Results obtained from several aromatic aldehydes 
are summarized in Table 1. The yield of the alcohol increases with increase in the amount of 
oxygen (entries 2-4, Table 1) .  


That the reaction is initiated by a free radical process is apparent since similar reduction of 
benzaldehyde with benzeneselenol has proceeded by use of 2,2'-azobisisobutyronitrile 
(AIBN) in refluxing toluene under nitrogen (entries 11-13, Table 1). A proposed mechanism 
for the present reduction is given in Scheme 1. Initially, addition of benzeneselenol to 
aldehyde takes place to give an adduct IV (It is known that thiols readily react with aldehydes 
to form thiohemiacetals) .3 The equilibrium between IVa and the starting materials has been 
confirmed in the absence of oxygen by 'H-NMR. The adduct IVa showed singlet peaks at 6 


Scheme 1 


OH 
I ArCHO + PhSeH c ArCHSePh 


IV 


OH 
I -  


I 
IV + PhSe. - ArCHSePh 


SePh 
V 


OH 
t - ArCH + (PhSe)2 


VI 


VI + PhSeH - ArCH2OH + PhSe* 
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6.58 and 6 4.26 which can be assigned to benzylic and hydroxyl protons, respectively. The 
adduct IV then reacts with phenylseleno radical, which is generated by the reaction of 
benzeneselenol with ~ x y g e n , ~  in s H 2  manner to give phenylhydroxymethyl radical (VI) and 
diphenyl diselenide via an intermediate radical V. The radical VI readily abstracts a hydrogen 
atom from benzeneselenol to afford benzyl alcohol and phenylseleno radical. Noteworthy is 
that the radical VI seems to have reacted exclusively with benzeneselenol even in the presence 
of oxygen which is known as a radical scavenger. The extraordinarily high hydrogen transfer 
ability' of benzeneselenol must be a key to the success of the present oxygen induced 
reduction to take place. 


As a model compound of IV, a methoxy derivative VII was prepared and subjected to 
reaction with benzeneselenol and oxygen. Clean reduction to benzyl methyl ether was 
observed. 


OMe 


02, benzene Ph IH 
25'C, 5 h  


PhASePh + PhSeH - 
VI I quantitative 


Neither aliphatic aldehydes (e.g. phenylacetaldehyde, nonanal) nor ketones (e.g. acetophe- 
none, cyclohexanone) were reduced under the present reaction conditions. This may be due to 
the lack of sufficient stability of corresponding ketyl radical intermediate which affects the s H 2  
process in the former case and to steric repulsion in the addition process in the latter case. This 
quite high sensitivity of the present reduction on the structure of the substrate led us to attempt 
selective reduction of aromatic aldehydes in the presence of other carbonyl compounds. As a 
typical example, we have succeeded in selective reduction of benzaldehyde to benzyl alcohol 
in the presence of acetophenone which remained unchanged under similar conditions. 
However, when the reaction was run without a solvent, acetophenone was reduced to the 
corresponding alcohol to some extent, probably because the disadvantage of addition due to 
steric hindrance has been overcome by higher concentration of materials. 
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ABSTRACT 


The effect of solvent additives on  the course of Ti02 photocatalyzed oxygenation of wmethylstyrene has 
been studied. While the addition of small amounts of nonhalogenated alcohols to Ti02 powders 
suspended in acetonitrile was found to decrease the rate of photooxygenation, added halogenated 
alcohols increase the rate of reaction. In addition, the solvent additives affect the observed product 
distribution. 


INTRODUCTION 


Currently, one of the most active areas of research involves the use of semiconductors in the 
conversion of light into electricity and fuels.' In the last several years, a wide range of organic 
phototransformations at semiconductor surfaces have been discovered and their mechanistic 
features have been probed. Many organic molecules undergo photooxygenation or 
photooxidative cleavage when adsorbed on the surface of suspended semiconductor powders.* 


It is now generally recognized that many of these reactions are initiated by electron transfer 
between a photogenerated electron-hole pair confined at the surface of the photocatalyst and 
an adsorbed acceptor or donor. The mechanism for photooxygenation reactions on irradiated 
titanium dioxide is shown in Scheme 1.  Upon band gap excitation, an electron is promoted to 


Scheme 1.  flechanlsm o f  Semiconductor Photooxygenations 


Ti02 B -  + h +  


h+ + D d D' 


e -  + 02- 0,' 


D+. + o2 .--) DO; 8-, products 


0' + 02' d DO2 d products 


D+.+ e - d  D 


D 2 ' +  h +  O 2  
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the conduction band (Ecs = -0.8V vs. SCE in CH,CN), creating a vacancy in the valence 
band (EvB = +2.4 V vs. SCE in CH3CN).3 An adsorbed donor, D, then donates an electron 
to the photogenerated hole at the surface of the Ti02  particle, forming an adsorbed cation 
radical (equation (2)). Adsorbed oxygen serves as an electron acceptor for the conduction 
band electron (equation (3)). In the absence of such an acceptor, the adsorbed cation radical 
would be rapidly reduced by the photogenerated conduction band electron, thus quenching 
the photoinduced charge separation. Oxygen serves to inhibit unproductive back electron 
transfer by interfering with electron-hole recombination at the surface, producing superoxide 
and allowing observable chemistry to occur. 


Oxygenation occurs when the adsorbed cation radical reacts with oxygen or superoxide 
(equations (4) and ( 5 ) ) .  There is ample literature precedent for both reaction pathways in 
homogeneous media. Investigations by Foote et u L . , ~  Schaap et ~ l . , ~  and Mattes and Farid6 
provide strong evidence for a photooxidation mechanism involving the reaction of superoxide 
with olefinic cation radicals. On the other hand, Nelsen et al.' and Clennan' have 
demonstrated that cation radicals of electron rich olefins, generated either chemically or 
electrochemically, react with ground state oxygen by a radical chain process to form 
dioxetanes after reduction by another olefin molecule. Barton and others"I2 have shown that 
ground state oxygen also reacts with the cation radicals of conjugated dienes. by a similar 
chain process, to produce endoperoxides. Although no conclusive proof has been presented to 
distinguish between equations (4) and ( 5 ) ,  it seems likely that both mechanisms are operable 
at the Ti02 surface. 


Two additional surface reactions must be considered. These are the reaction of the adsorbed 
cation radical (oxidized) donor with the conduction band electron and of superoxide with the 
valence band hole (Scheme 1, equations (6) and (7)). Both steps are nonproductive and 
contribute to the inefficiency of these semiconductor catalyzed photochemical oxygenations. 


While the basic mechanism of these photooxygenation reactions is known, little information 
is available concerning solvation of the photogenerated ion radicals. l 3  The motivation for 
understanding solvent effects in photocatalytic oxidation is twofold. Current studies indicate 
that these reactions suffer low quantum efficiencies. l 4  The choice of an appropriate solvent 
could influence the stability of the surface adsorbed ion radicals and thus could potentially 
increase reaction efficiency. Furthermore, a study of solvent effects may reveal additional 
details about the interactions occurring at the solid-liquid interface. 


a-Methylstyrene, when photooxidized on Ti02 powders suspended in CH3CN, gives three 
products: acetophenone, 2-methyl-2-phenyloxirane and 2-phenylpropionaldehyde (equation 
(8)).15 We have examined the effect of adsorbed cosolvent additives on both the rates of 
product formation and on the distribution of products. Our studies reveal that while the 
addition of hydrocarbon alcohols attenuate the rate of wmethylstyrene photooxygenation, 
halogenated alcohols increase the rate of reaction. In addition, the observed product 
distribution is affected by the presence of solvent additives. 


1 2 3 4 
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RESULTS AND DISCUSSION 


Solvent effects on relative rates of reaction 


Rather than changing the solvent in each reaction. we added 1mol % of a cosolvent with 
acetonitrile, the major solvent component. This method has two major advantages. First, the 
semiconductor suspensions tend to coagulate in organic solvents, making long term dispersal 
of small particles difficult, whereas experience has proven acetonitrile to be a very good 
medium for sustaining a suspension for relatively long periods. Thus, by using acetonitrile as 
the major solvent, we were able to obtain consistent results. Second, many of the solvent 
additives are sufficiently expensive to preclude their routine use as reaction media. 


For the most part, the solvent additives chosen adsorb more strongly to the surface than 
does acetonitrile so the reactive species formed at the interface are essentially solvated by 
these adsorbed solvent additives.'*" Therefore, the addition of just 1 mol G/c of the cosolvent 
can have a significant effect on reactivity. 


The effect of nonhalogenated alcohols 


The first set of solvent additives considered are hydrocarbon alcohols. In general, the addition 
of small quantities of alcohol decreases the rate of photooxygenation, Table 1. We attribute 
these kinetic effects to suppressed substrate adsorption and to competitive hole capture by 
adsorbed alcohol. Alcohols are generally known to adsorb more strongly to metal oxide 
surfaces than aromatic hydrocarbons (i.e., l),  so that the decrease in wmethylstyrene 
photooxygenation can be attributed to competitive adsorption of the alcohols on the 


Table 1. Photooxygenation of amethyls tyrene on TiOz with 
hydrocarbon alcohol additives" 


product distribution, %OC 


added 
solvent" 


(1 mol %) 
rel. rate 


of reaction 


CH3CN only 1.00 f 0-06 
MeOH 0-23 f 0.01 
EtOH 0.50 k 0.02 
PrOH 0.65 f 0.04 
BuOH 0.59 k 0-07 
HxOH 0.56 k 0.04 
IPA 0.53 k 0-04 


78 18 
78 19 
68 29 
57 40 
56 41 
56 42 
80 17 


a Irradiation time = 5 h. 
PrOH = n-propanot, BuOH = n-butanol, HxOH = n-hexanol, and IPA 


= propan-2-01. 
Relative rates of reaction and product yields based on the average of 3 


independent runs. These numbers represent chemical yields as well as 
product distributions. A maximum error of 22% was calculated for the 
product distributions. 
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surface.'6'17 The data in Table 1 also reveal that the relative rate of photooxygenation of 1 in 
the presence of coadsorbed primary alcohols increases in the order of MeOH < EtOH < 
PrOH. Adsorption isotherms for these alcohols show that as the length of the carbon chain 
increases, there is a decrease in the tendency for multilayer formation.'""9 That is, the amount 
of adsorbed alcohol decreases in the series MeOH > EtOH > PrOH. Therefore, MeOH is 
presumably most efficient at suppressing adsorption of 1 on the surface, and consequently, its 
photooxygenation. 


It is well known that alcohols are oxidized on Ti0, surfaces.2" In addition to competing for 
adsorption sites, the alcohols also scavenge valence band holes, thus decreasing the efficiency 
of a-methylstyrene oxidation. It was found that ketones, aldehydes and carboxylic acids were 
formed from the alcohols in these reactions, indicating that the alcohols do compete with 1 for 
holes. 


Table 2. Photooxygenation of ormethylstyrene on Ti02 with 
halogenated alcohol additives" 


product distribution, 5%' 


added 
solventh rel. rate Ph 


CY 


CH3CN only 1.00 ? 0.06 78 18 4 
TFE 1.25 k 0.07 72 10 3 
TFP 1.16 k 0-04 76 12 1 
HFP 1.70 k 0.06 79 12 1 
TCE 2.33 k 0.02 56 0 5 
CH2C12 only 2.35 k 0.02 39 0 6 


a Irradiation time = 5 h. 
TFE = 2,2,2-trifluorethanol, TFP = 1,1,1-trifluoropropan-2-ol, HFP = 


1,1,1,3,3,3-hexafluoropropan-2-ol, TCE = 2,2,2-trichloroethanol. 
Relative rates of reaction and product yields based on the average of 3 


independent runs. These numbers represent chemical yields as well as 
product distributions. A maximum error of +2% was calculated for the 
product distributions. 


The eflect of halogenated alcohols 


Table 2 reveals that the addition of 1 mol % of halogenated alcohols results in an increase in 
the rate of ormethylstyrene photooxygenation. This effect is particularly striking when 
compared to the significant rate suppression observed with the nonhalogenhted alcohols. A 
strict comparison between these two groups of additives is not valid, as their adsorption 
behaviors and reactivities are different. 


While preadsorption of the alcohols is necessary for observation of a solvent effect, there is 
evidence which indicates that the halogenated alcohols adsorb to the surface less strongly than 
the nonhalogenated alcohols. Adsorption isotherm studies on TiO, by Rossi et al. have shown 
that the amount of reversibly adsorbed HFF' (1,1,1,3,3,3-hexafluoropropan-2-ol) is less than 
that for propan-2-01 (IPA).21 Although detailed adsorption equilibria are sensitive to surface 
hydration and Rossi's system was rigorously dehydrated, their results for reversible adsorption 
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should be similar to ours.* The adsorption of smaller quantities of halogenated alcohols also 
results from reduced self-association of these alcohols compared with the nonhalogcnated 
alcohols.22 Thus, strong multilayer adsorption does not occur. This is particularly important 
for trifluoroethanol (TFE) and trichloroethanol (TCE) since ethanol does show strong 
multilayer adsorption. 17,'' 


Attempts to obtain electrochemical oxidation potentials for these alcohols under conditions 
similar to the reaction conditions (1 mol 96 in CH,CN) failed. However, when the pure alcohol 
and electrolyte were scanned anodically, the onset of oxidation was found to occur at +2*3 V 
vs. SCE for HFP and TCE, and + 2 4 V  vs. SCE for TFE. TFP was not tested since it is 
presumably easier to oxidize than HFP. These extreme conditions (high alcohol concentration 
vs. 1 mol %) admittedly do not reflect experimental conditions, however, they indicate that 
competition of these alcohols for holes is a possibility. 


The observed rate increase may be explained as follows. When halogenated additives are 
adsorbed at the particle surface, primarily through hydrogen bonding,27 approximately a 
monolayer of alcohol exists. Thus, there will be a high local concentration of trihalomethyl 
groups near the surface. Also adsorbed on the surface is superoxide, formed from reaction of 
oxygen with the conduction band electron. If superoxide interacts favorably with the trihalo 
groups, through charge transfer-type i n t e r a ~ t i o n , ~ ~ "  stabilization of superoxide will ensue, thus 
decreasing the driving force for back electron transfer from the superoxide to the valence band 
hole. By decreasing the efficiency of equation 7 (Scheme 1) the number of holes available for 
reaction with the substrate will increase (equation (2)). 


Solvolysisz and conductance2' studies have similarly shown that these halogenated alcohols 
strongly solvate anions and are good proton donors. Thus, favorable solvation of superoxide 
by halogenated alcohols not directly adsorbed to the surface (or weakly adsorbed) can occur. 


Evidence which supports this role for the halogenated alcohols is the similarity in the 
physical properties of TFE and TCE. NMR studies2' have shown that the trifluoroethyl and 
trichloroethyl alcohols have similar pK, values, hydrogen bonding and self association 
properties; therefore, their interaction with the Ti02 surface should be similar. However, 
charge transfer interaction with superoxide would be more favorable with TCE since the 
chlorine atoms are more polarizable and better able to accommodate the excess negative 
charge. It has been shown that superoxide reacts with TCE,24" so in fact, TCE traps 
superoxide rather than just stabilizing it, resulting in a more effective charge separation and a 
greater conversion of starting material. 


Another consideration was that the halogenated alcohols may be accepting the conduction 
band electron. Electroreduction of the alcohols ( lmol  % in CH3CN) was not observed to 
occur at potentials positive of the conduction band edge; therefore, it is unlikely that they are 
being directly reduced by the semiconductor. 


A third alternative which might explain the increased reactivity of wmethylstyrene with the 
addition of halogenated alcohols is the intervention of singlet oxygen. Singlet oxygen ('Ag) 
may be formed by back electron transfer from superoxide to the conduction band hole or to 
the oxidized substrate and its role in TiO2 photooxygenations has long been of interest. A 
study by Gohre and Miller demonstrated that singlet oxygen could not be trapped by gas phase 
substrates on illuminated Ti02.*' Yet, the lifetime of singlet oxygen is known to increase in 
halogenated  solvent^^^ thus its role in our reactions was investigated. 1,2- 
Dimethylcyclohexene was chosen as the substrate since it reacts efficiently with singlet oxygen 


*See Experimental section: solvents and reagents for TiOa drying. 
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to give ene products (equation (9)).” When added to suspensions of Ti02 in CH,CN, trace 
amounts (< 2%) of 5 and 6 were observed. The same reaction run with 1% HFP did not affect 
the yield of these alcohols. Therefore, singlet oxygen cannot be implicated in the increased 
reactivity observed with the addition of the halogenated alcohols. 


5 6 


If hole scavenging by superoxide (equation (7)) is indeed a major source of inefficiency in 
these reactions, then a similar increase in reactivity should be observed if superoxide is 
efficiently trapped by a reagent other than TCE. San Filippo has shown that a-hydroxy 
ketones are good superoxide scavengers.”) We chose acetoin as a superoxide quencher, 
equation (10). Cyclic voltammograms of acetoin were run to insure that it would not be directly 
reduced by the conduction band electron. Since the reduction potentials of a-hydroxy ketones 
are pH d e ~ e n d e n t , ~ ’  and Ti02 is known to have acidic protons,” we chose to use 
polycrystalline Ti02 electrodes for these experiments since they would mimic the Ti02  
suspension reactions better than a platinum or carbon electrode. No reduction peak was 
observed in the range from -0.9 to -2.3 V (vs. SCE) for acetoin when scanned negative of the 
flat band potential. The same experiment was performed on benzoin, which should be easier 
to reduce.32 Its reduction potential was found to be -2.1V vs. SCE, well above the 
conduction band edge. Thus, acetoin would not be reduced by a photogenerated electron at 
the TiOz surface, and would behave only as a superoxide quencher. 


When 1 equivalent of acetoin was added to the standard reaction mixture, a 42% increase in 
the rate of photooxygenation of 1 was observed. Thus, trapping of superoxide (presumably 
inhibiting hole trapping by this species) reduces a major source of inefficiency in these 
reactions. A chemical filter with a cutoff at 355 nm was used to insure no light adsorption by 
acetoin. Control experiments showed that Bartlett-type epoxidation did not occur in the 
absence of Ti02.33 


Although an increase in the rate of reaction is observed with the addition of halogenated 
alcohols, several different products are formed. This is most significant with TCE in which 
approximately 40% of the starting material was converted to these other products. When this 
same reaction was run with CH2C12 as the solvent, the reaction rates and the product 
distributions observed were similar to those obtained with 1% TCE in CH3CN. It is well 
known that superoxide reacts with both TCE and CH2C12.34 Thus it is likely that intermediates 
formed from reaction of superoxide with these chlorinated solvents are reacting with 2-4 to 
form the unidentified products. It was found that 1 was inert to a reaction mixture containing 
superoxide and TCE; therefore, the rapid consumption of starting material is a result of 
oxidation of 1, and not its reaction with other species in solution. The best results appear to 
come from addition of HFP, which gives nearly a 2-fold rate enhancement with only 8% side 
reaction. 
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The ejrect of nonalcoholic additives 
The necessity for strong additive-surface interaction is demonstrated by the addition of 
cosolvents which adsorb by different mechanisms. The relative rates and photooxygenation 
yields upon addition of lmol  % of benzene, hexane, and their perfluorinated analogs in 
CH3CN are shown in Table 3 .  


Table 3. Photooxygenation of a-methylstyrene on Ti02 with 
nonalcoholic  solvent additives" 


product distribution, ?hh 


added 
solvent rel. rate Ph P h f i  ~ h , i i , ,  


(1 moi of reaction cy>co CH3 CY 
~~ ~ 


CH&N only  1.00 -t 0.06 78 18 4 
ChH6 0-45 +- 0.01 67 30 3 
C6F6 1.01 +- 0.05 76 19 5 
ChH14 0.97 f 0.04 75 20 5 
ChF I 4 0-98 f 0.04 77 19 4 


Irradiation time = 5 h. 
" Relative rates of reaction and product yields based on the average of 3 
independent runs. These numbers represent chemical yields as well as 
product distrihutions. A maximum error of 22% was calculated for the 
product distributions. 


BenLene is generally thought to act as a weak n base on  Ti02,  interacting primarily with 
hydroxyl groups on  the 1 should adsorb at the same sites. The addition of 1% 
benzene to the solvent cuts the rate of product formation from 1 to half its value in CH3CN. 
Since it is likely that the equilibrium constants for adsorption of benzene and 1 are similar and 
since there is roughly ten times more benzene than 1 in the reaction mixture under typical 
conditions, this result is consistent with competitive adsorption of benzene at photoactive sites 
on the Ti02  surface. 


Similar concentrations of hexafluorobenzene, however, permit a rate of product formation 
similar to that observed in neat acetonitrile. It has been reported that the equilibrium constant 
describing the interaction of hexafluorobenzene with porous vycor glass surfaces is 
significantly less than that for benzene, reflecting the fact that it is a poor proton acceptor.35 
Thus, we propose that the difference in reactivity induced by benzene and hdxafluorobenzene 
is caused by a difference in their competitive adsorption with a-methylstyrene at active sites on 
the irradiated surface. Consistent with this proposition is the observation that the product 
distribution is not changed by the addition of 1 mol 5% hexafluorobenzene. 


Hexane interaction with oxide surfaces is nonspecific and is primarily due to dispersive 
forces.'hd These interactions are much weaker than those for aromatic hydrocarbons, and no 
change in the rate of product formation in the photooxygenation of 1 with the addition of 1 mol 
% hexane is observed. Likewise, perfluorohexane has no  influence on the rate of reaction or 
product distribution, as it would interact very weakly, if at all, with the surface. 
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Solvent effects on product distribution 


Under the reaction conditions, two of the products, 3 and 4, undergo secondary photoinduced 
reactions. The aldehyde is further oxidized to acetophenone in a 22% yield after 5h of 
irradiation in CH3CN (equation (11)). When exposed to the same reaction conditions, 3 is 
converted to 2 in 5% and 4 in 23% (equation (12)). 


22% 


Ti02, CH3CN, O2 Ph 


CH3 phfi hu,5h CY 
5% 23X 


Table 4. The effect of alcohol branching on 
product distribution” 


~ 


product distribution, % h  


added 


n-BuOH 64 35 1 
S-BuOH 70 27 3 
t-BuOH 81 16 3 


Irradiation time = 4 h. 
Product yields based on the average of 3 independent 


runs. These numbers represent chemical yields as well 
as product distributions. A maximum error of 22% 
was calculated for the product distributions. 


Table 1 reveals that the addition of 1 mol % primary hydrocarbon alcohols results in a 
higher yield of oxirane, compared with neat CH&N or secondary alcohols. The trend is more 
apparent in Table 4, where the product distributions observed in the presence of isometric 
butanols (1-BuOH, 2-BuOH and t-BuOH) are reported. Here, a clear shift toward more 
acetophenone with increased alcohol branching is observed. Control experiments in which 3 
was exposed to the standard reaction conditions have shown that this shift in product 
distribution is caused mostly, if not completely by accelerated cleavage (with increased alcohol 
branching) of 3 to 2 and 4. Thus, the alcohol structure appears to have a significant effect on 
adsorption of the oxirane onto the Ti02 surface. This phenomenon is apparently not related 
solely to the amount of alcohol adsorbed to the surface, since IPA suppresses the overall rate 
of reaction more than PrOH (Table 1); however, the overall yield of oxirane is greater with 
IPA. 


No significant change in product distribution was observed upon addition of 1% of the 
fluorinated alcohols, except with TCE, where no oxirane was observed. When 3 was exposed 
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to irradiated Ti02 suspensions containing 1% TCE, it was converted to some of the 
unidentified products observed in the photooxygenation of 1. Thus, we propose that oxirane is 
formed, but it is rapidly converted to other products. 


In conclusion, we have determined that solvent additives which appreciably adsorb to the 
TiO? surface can have a significant effect on the rate of photooxygenation reactions. While 
hydrocarbon alcohols cause a decrease in the rate of olefin photooxygenation, the structure of 
the alcohol appears to have a significant influence on the observed product distribution. 
Halogenated alcohol additives cause an increase in the rate of photooxygenation, probably by 
decreasing the rate of back electron transfer from superoxide to the valence band hole. 
Addition of a superoxide quencher also enhances reactivity. Optimal efficiency in 
photoinduced oxygenation of 1 was observed with 1% HFP. 


EXPERIMENTAL 


Instrumentation 


Gas chromatography mass spectrometry (GUMS) analyses were performed on a Finnigan 
Model 4023 automated GCMS with INCOS data system using a 50 meter DB-I capillary 
column. Gas-liquid chromatographic (GLC) analyses were obtained with a Hewlett-Packard 
5890A instrument equipped with a flame ionization detector and a 0.53 mm x 15 meter DB-5 
column. 


Irradiation of the semiconductor suspensions were conducted in a Rayonet photochemical 
reactor (Southern New England Ultraviolet Company) equipped with a cooling fan and lamps 
emitting maximally at 350 nm. Dye sensitized singlet oxygen formation was achieved using a 
450W medium pressure mercury lamp immersed in a pyrex reaction vessel, cooled by 
circulation of chilled water. 


Electrochemical measurements were performed with a Bioanalytical Systems BAS-100 
electrochemical analyzer equipped with a Houston Instruments DMP-40 digital plotter. 


Solvents and reagents 


Titanium dioxide (Degussa P25, surface area measured as 57 m2/g by N2 adsorption) was dried 
for 7-14 days at 125 "C before use. This drying procedure was adopted to obtain samples with 
fairly consistent hydroxyl content, as surface water has a significant effect on the reaction 
rates. The exact hydroxyl content of our samples is unknown, however, some dehydration had 
occurred since the Ti02  powders used were slightly yellow in color, indicative of dehydration. 
The drying procedure was not sufficiently rigorous to introduce Lewis acid ~ i t e s . ~ ~ , ~ ~  


Acetonitrile (Aldrich, 99%) was stored over 3A molecular sieves for 1 week prior to use. 
HPLC grade acetonitrile was used for electrochemical studies. a-Methylstyrene, 2- 
phenylpropionaldehyde, acetophenone, rose bengal, potassium superoxide, dibenzo-18- 
crownd (Aldrich), and 1,2-dimethylcycIohexene (ICN-KNK Pharmaceuticals) were used 
without further purification. Acetyl methyl carbinol dimer (Lancaster) was dried under 
vacuum for several hours prior to use. All of the solvent additives were stored over 3 A or 4 8, 
sieves. 


Tetra-n-butylammonium perchlorate (Southwestern Analytical Chemicals, electrometric 
grade) was recrystallized three times from ethyl acetate: hexane and was dried 24 h prior to 
use. 


2-Methyl-2-phenyloxirane was prepared according to a literature procedure.38 
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General procedure for semiconductor-mediated photooxygenations 


To a 0-01 M solution of a-methylstyrene or 1,2-dimethylcyclohexene in acetonitrile was added 
1 mg of TiOz per 10 ml of solution. These mixtures were sonicated in an ultrasonic bath while 
bubbling with oxygen for 10min. The suspensions were then irradiated while stirring for 5 h at 
350 nm without further oxygenation. Sample analysis was accomplished by vacuum filtration 
of the catalyst and direct analysis of the reaction mixture by GC. Products were identified by 
isolation15 and comparison with authentic samples. Product yields were determined by 
standardization using pentamethylbenzene as the internal standard. The relative rates of 
reaction were determined from the loss of starting material after 5 h of irradiation. 


In experiments involving acetoin, a chemical filter which cuts off at 360nm was used. The 
filter solution was prepared by dissolving 6 g bismuth acetate in 3 1 of H20 and 350 ml conc. 
HCl . 


Reaction of superoxide and TCE with a-methylstyrene 


0.4 mmol of KOz, 0.2 mmol of dibenzo-18-crown-6 and 0.2 mmol of a-methylstyrene was 
added to 20ml of dry CH&N. The solution was magnetically stirred until the crown ether 
dissolved. Then, 2mmol of TCE was added to the stirring solution. The superoxide was 
consumed after 20min. and the formation of a solid precipitate of KCI was observed. GC 
analysis of the reaction mixture showed 1 to be unaffected by this procedure. 


Preparation of 5 and 6 


A 50 ml methanol solution containing 1-5 mmol 1,2-dimethyIcyclohexene and 5 x lop5 mol 
rose bengal was prepared and irradiated for 4 h using a 450 W medium pressure Hanovia lamp 
with a pyrex filter. The solution was bubbled with oxygen during the photolysis. Diethyl ether 
was then added to the reaction mixture and then extracted twice with a saturated sodium 
bicarbonate solution and once with water. The ethereal solution was then stirred over excess 
triphenylphosphine for 30 min. GCMS analysis of the reaction mixture showed that two 
products, 5 and 6 were formed.3’ 


Polycrystalline TiOz electrode 


The polycrystalline Ti02 electrodes were prepared by thermal oxidation of Ti foil in air at 
650°C for 2 hours. The edges and back side of the electrode were coated with five minute 
epoxy, and then covered with Ring@ epoxy (Ring Chem. Co.). Contact to the titanium foil was 
made with silver paint. The electrodes were mounted onto hollow glass tubes using five minute 
epoxy. The electrodes were dried in the oven at 125°C overnight prior to use. 


Electrochemical experiments 


All electrochemical experiments were performed using 0.1 M tetra-n-butylammonium 
perchlorate as the supporting electrolyte. The solutions were deaerated and kept under a 
positive pressure of nitrogen during each run. Silver-silver nitrate (0.1 M in CH,CN) served as 
the reference electrode. A platinum wire coil was used as the counter electrode. A 
polycrystatline Ti02 electrode was used in the acetoin and benzoin reduction experiments. 
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The supporting electrolyte-acetonitrile solutions were scanned over the solvent window prior 
to addition of substrate to ensure the absence of electroactive impurities. 


In the acetoin reduction experiments, the TiOz electrode was scanned negative of the 
flatband, from -0-9 V to -2-3 V vs SCE. Some evidence indicates that acetoin is reduced just 
negative of this range, outside the solvent window. Benzoin, a more easily reduced analog, 
reduces at -2-25V. On a Pt working electrode, acetoin was not reduced within the solvent 
window of either CH3CN or CH3CN/MeOH. 


ACKNOWLEDGEMENT 


We thank the Army Research Office for support and gratefully acknowledge Nicoline Kiwiet 
for providing the Ti02 electrodes. 


REFERENCES 


1. For example see M. S. Wrighton, Acc. Chem. Res. 12,303-310 (1979) A. J. Bard, J. Photochem. 10, 
59-75 (1979) A. Nozik, J. Faraduy Discuss. Chem. SOC. 70, 7-17 (1981). 


2. (a) M. A. Fox, In Homogeneous and Heterogeneous Photocatalysis, E. Pelizzetti, N. Serpone, Eds.; 
Reidel Publishing: Dordrecht, 1986; pp. 363-383. (b) M. A. Fox, D. D. Sackett and J. N. 
Younathan, Tetrahedron 43, 1643-1660 (1987). 


3. (a) H. Gerischer and F. Willig, Topics in Current Chemistry, Springer, New York, 1976; Vol. 61, 
p. 31. (b) S. N. Frank and A. J. Bard, J. Am. Chem. SOC. 97, 7427-7433 (1975). 


4. (a) J. Eriksen, C. S. Foote and T. L. Parker, J. Am. Chem. SOC. 99, 6455-6456 (1977). (b) L. T. 
Spada and C. S. Foote, J. Am. Chem. SOC. 102, 391-393 (1980). (c) J. Eriksen and C. S. Foote, J. 
Am. Chem. SOC. 102,6083-6088 (1980). (d) D. S. Steichen and C. S. Foote, J. Am. Chem. SOC. 103, 
1855-1857 (1981). (e) Z. Q. Jiang and C. S. Foote, Tetrahedron Lett. 24, 461-464 (1983). (f) L. E. 
Manring, M. K. Kramer and C. S. Foote, Tetrahedron Lett. 25, 2523-2526 (1984). 


5. A. P. Schaap, K. A. Zaklika, B. Kaskar and L. W.-M. Fung, J. Am. Chem. SOC. 102, 389-391 
(1980). 


6. S. L. Mattes and S. Farid, J. Chem. SOC., Chem. Commun. 457458 (1980). 
7. (a) S. F. Nelsen and R. Akaba, J. Am. Chem. SOC. 103,2096-2097 (1981). (b) S. F. Nelsen and D. L. 


Kapp, J. Am. Chem. SOC. 108, 1265-1270 (1986). (c) S. F. Nelsen and M. F. Teasley, J. Org. Chem. 
51, 3221-3223 (1986). 


8. E. L. Clennan, W. Simmons and C. W. Almgren, J. Am. Chem. SOC. 103, 2098-2099 (1981). 
9. (a) D. H. R. Barton, G. Leclerc, P. D. Magnus and I. D. Menzies, J. Chem. SOC., Chem. Commun. 


447-449 (1972). (b) D. H. R. Barton, R. K. Haynes, P. D. Magnus and I. D. Menzies, ibid. 511-512 
(1974). (c) D. H. R. Barton, et al. J. Chem. SOC., Perkins Trans. 1,2055-2065 (1975). (d) D. H. R. 
Barton and R. K. Haynes, ibid., 2065-2068 (1975). 


10. (a) R. K. Haynes, Aust. J. Chem. 31, 121-129 (1978). (b) R. K. Haynes, ibid., 31, 131-138 (1978). 
11. R. Tang, H. J. Yue, J. F. Wolf and F. Mares, J. Am. Chem. SOC. 100, 5248-5249 (1978). 
12. S. F. Nelsen, M. F. Teasley and D. L. Kapp, J. Am. Chem. SOC. 108, 5503-5509 (1986). 
13. T. Kanno, T. Oguchi, H. Sakuragi and K. Tokumaru, Tetrahedron Lett. 21, 467-470 (1980). 
14. M. A. Fox, B. Lindig and C.-C. Chen, J. Am. Chem. SOC. 104, 5828-5829 (1982). 
15. C.-C. Chen, Ph.D. Dissertation, The University of Texas, Austin, TX, 1982. , 


16. For example see (a) A. V. Kiselev and A. V. Uvarov, Surjf. Sci. 6,399-421 (1967). (b) G. D. Parfitt 


17. H. P. Boehm, Disc. Faraduy SOC. 52, 264-275 (1971). 
18. I. Carrizosa and G. Munuera, J. Catal. 49, 174-178 (1977). 
19. Y. Suda, T. Morimoto and M. Nagao, Langmuir 3, 99-104 (1987). 
20. M. Miyake, H. Yoneyama and H. Tamura, Chem. Lett. 635-640 (1976). 
21. P. F. Rossi, et ul. Lungmuir 3, 52-58 (1987). 
22. (a) S. Singh and C. N. R. Rao, J. Phys. Chem. 71, 1074-1078 (1967). (b) R. N. Haszeldine, J. Chem. 


23. G. Ramis, G. Busca and V. Lorenzelli, J. Chem. SOC., Furuday Trans. I 83, 1591-1599 (1987). 


and I. J. Wiltshire, J. Phys. Chem. 68, 3545-3549 (1964). 


SOC. 1757-1763 (1953). 







114 D. D. SACKE?T A N D  M .  A.  FOX 


24. 


25. 
26. 


27. 


28. 
29, 


30. 
31. 


32. 


33. 


34. 


35. 


36. 
37. 
38. 
39. 


(a) J. L. Roberts, Jr., T. S. Calderwood and D. T. Sawyer, J. Am. Chem. SOC. 105, 7691-7696 
(1983). (b) J. L. Roberts, Jr. and D. T. Sawyer, J. Am. Chem. SOC. 103, 712-714 (1981). 
B. Allard, A. Casadevall, E. Casadevall and C .  Largeau, NOW. J. Chin.  3 ,  335-342 (1979). 
(a) D. F. Evans, J. A. Nadas and M. A. Matesich, J. Phys. Chem. 75, 1708-1713 (1971). (b) M. A. 
Matesich, J. Knoefel, H. Feldman and D. F. Evans, J. Phys. Chem. 7 7 ,  366369 (1973). 
B. D. N. Rao, P. Venkateswarlu, A. S. N. Murthy and C. N. R. Rao, Can. J .  Chem. 40, 387-389 
(1962). 
K. Gohre and G. C. Miller, J. Chem. SOC.,  Faraday Trans. 1 81, 793-800 (1985). 
D. R. Kearns, In Singlet Oxygen, H. H. Wasserman-and R. W. Murray, Eds.; Academic Press: New 
York, 1979, Chapter 4. 
J. J. San Filippo, C.-I. Chern and J.  S. Valentine, J .  Org. Chem. 41, 1077-1078 (1976). 
A. J. Bard, Encyclopedia of Electrochemistry of the Elements, Marcel Dekker: New York, 1978; 
Vol. XI, Chapt. 2 and references therein. 
A. J. Bard, Encyclopedia of Electrochemistry of the Elements, Marcel Dekker: New York, 1978; 
Vol. XII, Chapt. 1. 
(a) G. Busca, et al. Appl. Catal. 14, 245-260 (1985). (b) N. E .  Tret’yakov and V. N. Filimonov, 
Kinet. Katal. 13, 735-737 (1972). 
(a) Y. Sawaki and Y. Ogata,J. Org. Chem. 49,33443349 (1984). (b) Y. Sawaki and C. S. Foote, J .  
Org. Chem. 48, 4934-4940 (1983). 
V. B. Kazanskii, A. M. Gritskov and V. M. Andreev, Dolk. Akad. Nauk. SSSR 235, 653-656 
(1977). 
H. Knozinger, Adv.  Catal. 25 ,  184-271 (1976). 
M. Primet, P. Pichat and M.-V. Mathieu, J .  Phys. Chem. 75,  1216-1220 (1971). 
P. A. Marshall and R. F. Prager, Aust. J. Chem. 30, 141-150 (1977). 
Y. Araki, et al. J. Am. Chem. SOC. 106, 4570-4575 (1984). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. I ,  123-131 (19x8) 


PHOTOCYCLIZATION OF 


TRANSFER VIA CHARGE TRANSFER EXCIPLEXES IN 
ALKENE PHOTOCHEMISTRY 


N-ALKYL-N-(3-ARYL-3-BUTENYL) UREAS. HYDROGEN 


HIROMU AOYAMA, TAKENORl TOMOHIRO. YOSHIAKI ARATA, 
AND YOSHlMORl OMOTE 


Depurlmeti1 of Chemislry, Univentily oJ i?\ukuhu, Tsukiihu Ihuruki. 305 Jupun 


ABSTRACT 


Photolysis of N-alkyl-N-(3-aryl-3-butenyl)ureas (1) in acetonitrile gave cyclization productc, 3-aryl-3- 
methyl-pyrrolidines. in good yields, whereas irradiation of 1 in methanol afforded methanol adducts as 
well as the cyclization products. Both the reactions are singlet reactions, and the cyclization is presumed 
to proceed via 1,6-hydrogen transfer from exciplexes with charge transfer character. 


INTRODUCTION 


It is well-known that some cyclic olefins undergo inter- or intramolecular hydrogen abstraction 
o n  excitation to the triplet states'.* as with carbonyl compounds (Norrish type I1  reaction^).'.^ 
Photochemical hydrogen abstraction of acyclic olefins is quite rare except for 1,l- 
diphenylethylene derivatives,5 because of the presence of competitve processes such as 
cis-trans isomerization. In relation to our previous studies on photochemical reactions of 
olefins having a nitrogen-containing functional we report here efficient photocycliza- 
tion of N-alkyl-N-alkenylureas which involves hydrogen abstraction by olefinic carbons from 
the singlet states via charge transfer exciplexes. 


RESULTS AND DISCUSSION 


Synthesis of N-Alkyl-N-Alkenylureas 


The ureas (la-f) were easily synthesized as shown in Scheme 1 from the aminoketones which 
were prepared by the Mannich reaction. 


08944-3230/88/03012349$05 .OO 
0 1988 by John Wiley & Sons, Ltd. 


Received 6 October 1987 







124 H. A O Y A M A ,  T. TOMOHIRO, Y .  ARATA A N D  Y .  OMOTE 


Photolysis, and Identification of Photoproducts 


When N,N',N'-trimethyl-N-(3-phenyl-3-butenyl)urea (la) in acetonitrile was irradiated under 
argon with a low pressure mecury lamp, l-dimethylcarbamoyl-3-methyl-3-phenylpyrrolid~ne 
(2a) was obtained in 70% yield. Photolysis of other ureas ( l b f )  also gave the corresponding 
cyclization products in good yields (Scheme TI, Table 1). 


1 2 3 


4 5 1 d-D 


Table 1 .  Photolysis of 1 in Acetonitrile 


Reactant Quantum Yield Product (%) 
2 3 


la 
l b  
lc  
Id 
le  
If 


70 
49" 22" 


56 
0.055 49" 14" 
0-005 76" trace I' 


53" 21" 


"Determined by the NMR spectra 


The structure of these products were determined on the basis of the spectral data and 
elemental analyses. The products from l b  and Id-f were mixtures of two stereoisomers. The 
major isomers (2d-f) were isolated by recrystallization, but the minor isomers (3d-f) were not 
completely purified. The separation of the isomers (2b and 3b) was not achieved. The 
stereochemistry of these isomers was assigned on the basis of the 'H-NMR spectra. The 
*H-NMR spectrum of the major isomer (2b) showed the signal of the C-2 methyl group at an 
unusually high field ( b  0.80, d). This fact is reasonably explained by the anisotropic effects of 
the C-3 phenyl group which is cis to the methyl group. The NMR spectrum of 2d showed 
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signals of aromatic protons at an unusually high field (6 6.66.9, 2H). This indicates that the 
phenyl groups at C-2 and C-3 are cis. Analogous anisotropic effects have been observed for 
pyrrolidinones.' The stereochemistry of other major isomers (2e-f) was determined in a 
similar manner. 


When the N-isopropyl derivative (lc) was irradiated in methanol, a methanol adduct (4c) 
was obtained (34%) and the cyclization product (2c) was not detected. In the cases of 
N-methyl and N-ethyl derivatives ( la  and Ib), the NMR spectra of the photolysates indicated 
the formation of both the methanol adducts and the cyclization products, but they could not be 
separated even by repeated chromatography. Meanwhile, photolysis of N-benzyl derivatives 
(Id-f) in methanol gave only the cyclization products as with that in acetonitrile (Table 2). 


Table 2. Photolysis of 1 in  Methanol 


Reactant Product (%) 
2+3 4 


la 
l b  
lc 
Id 
le 
If 


26" 18" 
23" 20" 


0 34 
61 0 
22 0 
63 0 


"Determined by the NMR spectra. 


Mechanism 


The formation of 2 and 3 can be resonably explained in terms of hydrogen abstraction by the 
terminal olefinic carbon followed by cyclization of the resulting 1 ,S-diradical (5 ) .  This 
mechanism was supported by the experiment using a deuterium-labeled urea (Id-D). 
Irradiation of Id-D gave 2d-D in which one of benzylic deuterium atoms was completely 
incorporated into the C,-methyl group. The photoreaction of Id was not sensitized by 
thioxanthone (ET=66 kcal) or xanthone (74 kcal).'.' Moreover, the reaction was not quenched 
by 1,3-pentadiene (0.07 M ,  59 kcal).' These findings clearly show that the photoreaction 
proceeds from the singlet state. This result is unusual because it is well-known that direct 
hydrogen abstraction of olefins takes place from the triplet states. The primary reactions 
of the S ,  (n,x*) states of olefins are not diradicaloid but zwitterionic or polar in nature,"' and 
direct hydrogen abstraction of styrenes from the singlet states is hitherto unknown to the best 
of our knowledge. 


The photochemical methanol addition of la-c is also a singlet reaction since it  is neither 
sensitizable nor quenchable. 


Intramolecular Charge Transfer Interaction 


It is known that the SI  states of olefins form charge transfer exciplexes with amines and proton 
transfer takes place from the exciplexes to give radical pairs." We recently reported the 
photochemical intramolecular hydrogen abstraction of y,6- and G,&-unsaturated amines.' This 
reaction proceeds via intramolecular charge transfer exciplexes in which amino groups behave 
as donors. Charge transfer exciplexes are also presumed to play important roles in the 
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I 


hl, 


photochemistry of P,y-unsaturated amides." Both the reactions proceed from the singlet 
states. Ureas are weaker electron donors than amines, but stronger donors than amides. l 2  


Therefore i t  is highly probable that the singlet photoreactions of the alkenyl ureas (la-f) also 
involve charge transfer exciplexes as intermediates. The low efficiency of the reaction of the 
4-methoxy derivative (le) (Table 1) is consistent with the charge transfer mechanism since 
introduction of an electron-donating methoxy group to a styrene should raise the energy of its 
highest occupied molecular orbital and lower its electron affinity in the excited states. I '  


The formation of the methanol adduct in the photolysis of l c  in methanol also supports this 
mechanism. It is difficult to explain the addition in terms of simple polar addition from the 
x,x* singlet state of l c ,  since wmethyl styrene which has almost the same chromophore as that 
of l c  did not give methanol adducts on irradiation in methanol. It is known that photolysis of 
styrenes in methanol in the presence of electron donors gives Markovnikov adducts as with the 
present reaction. 


Odaira et al. l 3  reported intermolecular photoaddition of tetramethylurea (TMU) to 
1,l-diphenylethylene. This reaction has also been explaincd in terms of a chargc transfer 
mechanism. Interestingly, this intermolecular reaction is different from the present 
intramolecular reaction of 1 with respect to the multiplicity and direction of the  hydrogen 
transfer: the reaction is a triplet reaction, and the hydrogen of TMU is transfered to the 
disubstituted olefinic carbon rather than to the terminal methylene carbon (anti-Markovnikov 
addition). In contrast to the efficient photoreaction of I ,I-diphenylcthylcne with TMU, 
a-methylstyrene did not react with TMU on irradiation. Moreover, the fluorescence of 
or-methylstyrene was not quenched by TMU in distinction from the efficient quenching by 
amines." These facts indicate that the interaction between the S,  states of styrenes and ureas 
is considerably weak, and that the interaction is important only when the styrene and urea 
groups are involved in the same molecule as with 1 (proximity effects). 


The alkenylurea (Id) showed the fluorescence similar to styrenes, and did not exhibit the 
exciplex emission. This finding indicates that rapid deactivation processes of the S ,  state of Id 
do not exist. Therefore, the formation of the exciplex from the S,  state can not be exothermic 
and irreversible. The photocyclization o f  1 is most reasonably explained by the mechanism 
shown in Scheme I11 in which the S ,  state is in equilibrium with the charge transfer exciplex 
and the formation of the exciplex is slightly endothermic. (The reduction potentials of 
or-alkylstyrenes could not be measured by the cyclic voltammetry because the potentials were 
too negative, and AG values for the electron transfer could not be estimated.)" 


hl,' 


1 5 4 


Recently, Wagner et af. l4 reported the photoreduction of ketones with alkylbenzenes via 
charge transfer exciplexes. In this reaction, hydrogen transfer proceeds via irreversible, 
rate-determing complexation when the formation of the exciplexes is exothermic, whereas the 
triplet ketones form exciplexes reversibly with alkylbenzenes when the exciplex formation is 
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endothermic. The photoreactions of the olefins having a nitrogen function are quite analogous 
to this photoreduction. When the nitrogen functions are strong electron donors as with amino 
groups, intramolecular charge transfer exciplexes are formed exothermically and irreversibly, 
and both hydrogen (or proton) transfer and emission take place from the ex~ip lexes .~  In the 
case of weak donors such as ureas or amides the complexation should be slightly endothermic 
and the exciplexes are presumed to be equilibrated with the S l  states. Thus, emission from the 
Si  states and reaction from the exciplexes are ovserved. The failure to observe the exciplex 
emission in this case may be attributed to the small population of the exciplexes or their 
non-emissive characters. In these exciplexes, the olefin moiety should have partial negative 
charge and the nitrogen should possess partial positive chargeis (Scheme 111). This positive 
charge makes the hydrogens on the adjacent carbon acidic. It is known that partial charge 
separation in the exciplexes significantly enhance the rate of hydrogen (or proton) transfer. l 4  


Finally, the results of the photoreactions of la+ in methanol are also consistent with the 
mechanism involving the charge transfer exciplexes. The chemoselectivity in these 
photoreactions can be explained in terms of kinetic acidityi4 of the hydrogen to be abstracted 
as follows. The isopropyl methine hydrogen of the exciplex from l c  is least acidic and so least 
reactive toward abstraction, and the methanol adduct (lc) was obtained as a sole product. In 
the cases of the N-methyl and N-ethyl derivatives (la and lb ) ,  the methyl and methylene 
hydrogens activated by the nitrogen with partial positive charge are more acidic and thus more 
reactive toward abstraction, and the hydrogcn transfer can complete with the mcthanol 
addition. Wagner et af. l 4  reported that in the above-mentioned photoreduction of ketones the 
metyl hydrogens of cymene were more reactive toward abstraction than the  isopropyl methine 
hydrogen when exciplex formation involved a sufficient charge transfer. The fact that no 
methanol adducts were obtained in the case of the N-benzyl derivatives (Id-f) is also 
compatible with the above explanation. The benzylic hydrogens should be acidic in 
comparison with methyl hydrogens bccause phenyl groups are electron-withdrawing and also 
stabilize adjacent anionic centers. 


CONCLUSION 


Photolysis of N-alkyl-N-(3-aryl-3-butenyl)ureas (1) gives the corresponding pyrrolidines (2 
and 3). This cyclization is useful for synthesis of some pyrrolidines, since (a) the yields are 
good or moderate, (b) synthesis of the reactants is easy. and (c) the photoreaction proceeds 
regardless of the nature of the alkyl and aryl groups. This photoreaction is presumed to 
proceed via, 1,6-hydrogen transfer from the intermediary exciplexes. The results of the 
present reaction together with those of photoreactions of unsaturated amines and unsaturated 
a m i d e ~ " ~  indicate that charge transfer interactions play important roles in the photochemical 
hydrogen transfer of olefins as with that of carbonyl compounds. 


EXPERIMENTAL 


IR spectra were measured on a JASCO IRA-1 Infrared spectrophototometer. 'H- and 
"C-NMR spectra were recorded on a JEOL FX-90Q or FX-100 spectrometer. UV spectra 
were obtained on a Shimadzu UV-365 spectrometer. Fluorescence spectra were obtained on a 
JASCO FP-550 spectrofluorometer. Mass spectra were recorded on a Hitachi RMU-6MG 
spectrometer. Elemental analyses were performed by a Perkin Modle 240 elemental analyzer. 
A Rayonet photochemical reactor (RPR 2537 A) was used as an irradiation source. 
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General Procedure for Preparation of N-Alkenylureas (la-f) 


To 3-(N-alkylarnino)-l-arylpropan-l-one (13 mmol) which is prepared by the Mannich 
reaction" and triethylamine (15 mmol) in benzene (30ml) was added N , N -  
dimethylcarbamoylchloride (15 mmol) in benzene (20 ml), and the resulting mixture was 
heated to 50°C for 2 h. After cooling, the mixture was washed with 2~ hydrochloric acid, 
aqueous sodium bicarbonate, water and brine. The organic phase was dried and evaporated, 
and the residue was chromatographed on silica gel. The resulting product (13mmol) was 
dissolved in THF (20ml), and added under argon to a THF solution (300ml) of the 
phosphorus ylide prepared from tri-phenylmethylphosphonium bromide (13 mmol) and 
butyllithium." After the solution had been stirred for 10 min, water was added and the 
aqueous layer was extracted with benzene. The combined organic layer was dried and 
evaporated, and the residue was chromatographed on  silica gel. 
N',N',N-Trimethyl-N-(3-phenyl-3-butenyl)urea (la): b.p. 110-120 "U0.1 torr (bath temper- 


ature); IR (CHCl3) 1620cmp'; 'H-NMR (CDCl3) 6 25-2-9 (m, 2H, CH2), 2.70 (s, 6H, 
NMe,), 2-77 (s, 3H, NMe), 3.1-3-4 (m, 2H, NCH,), 5.09 and 5-33 (each br. s, 2H, olefinic), 
7.0-7.6 (m, 5H, Ph); "C-NMR (CDC13) 6 33.4 (t). 36-9 (q), 38.6 (q), 49.7 (t), 113.7 (t), 125-9 
(d), 127.5 (d), 128.3 (d), 140.5 (s), 145.8 (s), 165.2 (s); UV (MeOH) A,,, 238nm (E 9250); 
mass spectrum, m/z 232 (M+). Analyses calculated for CI4H2,,N20: C, 72-37; H,  8.67; N, 
1245. Found: C,  72.08; H, 8-75; N, 11.92. 
N',N'-Dimethyl-N-ethyl-N-(3-phenyl-3-butenyl)urea (lb): b.p. 110-120 "C/O. 1 torr (bath 


temperature); IR (CHCl3) 1620cmp'; 'H-NMR (CDC13) 6 1-03 (t, 3H, J=7  Hz, CH2Me), 
2.5-2.9 (m, 2H, CH2), 3-71 (s, 6H, NMe2), 2.9-3.3 (m, 4H, NCH,), 5.08 and 5.31 (each br. s, 
2H, olefinic), 7-1-7.5 (m, SH, Ph); "C-NMR (CDCl3) 6 13.3 (q), 33.8 (t), 38.5 (q), 43-4 (t), 
46.7 (t), 113.5 (t), 125-9 (d), 127.3 (d), 128.2 (d). 140.4 (s), 1464 (s), 164-9 (s); UV (MeOH) 
A,,, 237nm ( E  9790); mass spectrum miz 246 (M+). Analyses calculated for C15H22N20: C,  
73.13; H, 9.00; N, 11-37. Found: C ,  72.95; H, Y.10; N ,  11.20. 
N',Nf-Dimethyl-N-isopropyl-N-(3-phenyl-3-butenyl)urea (Ic): b.p. 110-120 "C/O.l torr 


(bath temperature); IR (CHCl3) 1620cm-'; 'H-NMR (CDC13) 6 0-99 (d, 6H, J=7  Hz, 
CHMe2),2.5-2-8 (m,2H,  CH2), 2.75 (s,6H,NMe2),  2.9-3.2 (m,2H, NCH2), 3.66 (sep, lH ,  
J=7 Hz, CH), 5-06 and 5.33 (each d, 2H, J=1.5 Hz, olefinic), 7.1-7.6 (m, 5H, Ph); I3 C-NMR 


(d), 140.5 (s), 146.4 (s), 165.2 (s); UV (MeOH) A,,, 239 nm (~10200); mass spectrum mlz 260 
(M+). Analyses calculated for CI(,H24N20: C, 73.80; H,  9-29; N, 10.75. Found: C, 73.88; H,  


N-Benzyl-N',N-dimethyl-N-(3-phenyl-3-butenyl)urea (Id): m.p. 6 6 6 7  "C; IR (CHCI,) 
1625cm-I; 'H-NMR (CDC13) 6 2.62.9 (m, 2H, CHJ, 2-76 (s, 6H, NMe,), 3 G 3 . 3  (m, 2H, 
NCH2), 4-35 (s, 2H, benzylic), 5.04 and 5.31 (each d,  2H, J=1.5 Hz, olefinic), 6-9-7.6 (m, 


138-1 (s), 140.2 (s), 145.6 (s), 165.1 (s); UV (MeOH) A,;,, 235nm (E 10500); fluorescence 
spectrum A,,, 306 nm (Acxcitation 250 nm); mass spectrum miz 308 (M+). Analyses calculated 
for C20H24N20: 77.88; H,  7.84; N, 9.08. Found: C, 77.79; H ,  7-78; N, 9-04. 
N-Benzyl-N',N'-dimethyl-N-[3-(4'methoxyphenly)-3-butenyl]-urea (le);  b.p. 130-140/10-3 


torr (bath temperature); 1R (CHCI3) 1620cm-'; '€1-NMR (CDC13) 6 2.5-2.9 (m, 2H, CH,), 
2.78 (s, 6H, NMe,), 3.0-3.3 (m, 2H, NCH,), 3.77 (s, 3H, OMe), 4.36 (s, 2H, benzylic), 4-95 
(br. s, lH ,  olefinic), 5.23 (d, l H ,  J=1-5 Hz, olefinic), 6.7-7.4 (m, 9H, aromatic); "C-NMR 


(s), 138.2 (s), 145.0 (s), 159-2 (s), 165.2 (s); UV (MeOH) A,,, 254nm (E 12700); mass 
spectrum (CI) mlz 339 (M+l) .  Analyses calculated for C21H2hN202: C, 74-15; H ,  7-75; N, 
8-15. Found: C, 74.52; H, 7.74; N, 8.27. 


(CDC13) 6 20.3 (9). 34-9 (t), 38-3 (q), 40.9 (t), 50.4 (d), 113.4 (t), 1264 (d), 127.3 (d), 128-2 


9.28; N, 10.74. 


10H, Ph); "C-NMR (CDC13) 6 33.4 (t), 38.6 (q), 47-0 (t), 52.2 (t), 113-8 ( t ) ,  125.9-128.5, 


(CDCI3) 6 33.5 (t), 38.7 (q), 47.2 (t), 52-2 (t), 55.2 (q), 112.1 (t), 113.7 (d), 127-0-128.5, 132.7 
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N-Benzyl-N',N'-dimethyl-N-[3-(4'-biphenyl)-3-huteny~]urea (If): b.p. 150-160 "C/10-3 torr 
(bath temperature); IR (CHCl3) 1625 cmp';  'H-NMR (CDCI?) 6 2.5-2.9 (m, 2H, CH2), 2.78 
(s, 6H, NMe2), 3.0-3.3 (m, 2H, NCH2), 4-37 (s, 2H benzylic), 5-07 and 5-38 (each d, 2H, 
J=1.5 Hz, olefinic), 74-7.7 (m, 14 H,  aromatic); 13C-NMR (CDC13) 6 33.4 (t), 38-6 (q), 47.1, 


UV (MeOH) h,,, 272nm (E 22200); mass spectrum (CI) m/z 339 (M+1). Analyses calculated 
for C26H2XN20:C, 80-80; H ,  7.36; N, 7-15. Found: C,  81.21; H,  7.34; N, 7.28. 


(t), 52.3 (t), 113.8 (t), 126.3-128.7, 138.1 (s), 139.2 (s), 140.3 (s), 140.6 (s), 145.2 (s), 165.2 (s); 


General Procedure for Preparative Photolyses 


An acetonitrile (or methanol) solution (70ml) of an N-alkenylurea (300mg) in a quartz tube 
was deaerated by argon bubbling and irradiated with a low pressure mercury lamp for 10-20 h .  
After removal of the solvent, the residue was chromatographed on silica gel. 
l-Dimethylcarbamoyl-3-methyl-3-phenylpyrrolidine (la): b.p. 1 10-120 "C/O. 1 torr (bath 


temperature); IR (CHCI?) 1610cm-'; 'H-NMR (CDCL?) b 1.34 (s, 3H, Me), 1.9-2.2 (m, 2H, 
CH2), 2.84 (s, 6H, NMe2), 3-2-3.8 (m, 4H, NCH2), 7 G 7 - 4  (m, SH, Ph); "C-NMR (CDCI?) 6 


163-5 ( 5 ) ;  mass spectrum (CI) mlz 233 (M+ 1) .  Analyses calculated for C14H20N20: C, 72.37; 
H, 8.67; N ,  12-05. Found (the analyses are relatively poor because these pyrrolidines are 
slightly hygroscopic): 71-79; H,  8.77; N, 11.90. 


Z- and E-2,3-dimethyl-l-dimethylcarbamoyl-3-pheny~pyrrolidines (2b and 3b) could not be 
separated. The mixture had b.p. 110-120 "C/O.I torr (bath temperature): IR (CHC13 for the 
mixture 1610cmp'. The isomer (2b) showed 'H-NMR (CDC13) 6 0.80 (d, 3H, J=7 Hz, 2-Me), 
1.32 (s, 3H, 3-Me), 1-8-2.6 (m, 2H, CH2), 2.86 (s, 6H, NMe2), 3.2-3.8 (m, 2H, NCH2), 4.38 
(9, lH ,  J=7  HZ,  methine), 7.1-7.5 (m, 5H, Ph). The isomer (3b) showed 'H-NMR (CDC13 6 
1.16 (d, 3H, J=7 Hz, 2-Me), 1.32 (s, 3H, 3-Me), 1.8-2.6 (m, 2H, CH2), 2.85 (s, 6H, NMe2), 
3.2-3.8 (m, 2H, NCH2), 4-22 (9, lH ,  J=7 Hz, methine), 7-1-7.5 (m, 5H, Ph). Analyses 
calculated for ClsH22N20: C, 73-13; H ,  9.00; N, 11.37. Found (for mixture) (the analyses are 
relatively poor because these pyrrolidines are slightly hygroscopic): C, 72.64; H, 9.09; N, 


l-Dimethylcarbamoyl-2,2,3-trimethyl-3-pheny~pyrrolidine (2c): m.p. 104-105°C; IR 
(CHC13) 1620cm-I; 'H-NMR (CDC13 6 1.04 (s, 3H, Me), 1.38 (s, 3H, Me), 1.54 (s, 3H, Me), 
1-6-1.9 and 26-2.9 (each m, 2H, CH2), 2-80 (s, 6H, NMe2), 3.3-3.8 (m, 2H, NCH2), 7.1-7.5 
(m, 5H, Ph); "C-NMR (CDCl3) 6 21.1 (9). 23.0 (9). 23.7 (q), 33-4 (t), 38.6 (q), 46.1 (t), 50.8 
(s), 66-2 (s), 126.2 (d), 126.7 (d), 127.9 (d), 144.2 (s), 163.1 (s); mass spectrum (CI) m/z 261 
(M+l) .  Analyses calculated for ClhH24N20: C, 73.80; H, 9-29; N, 10.75. Found: C, 73.71; €I, 


Z-l-DimethylcarbamoyI-2,3-diphenyl-3-methylpyrrolidine (2d) was separated from the 
minor E-isomer (3d) by recrystallization from hexane-chloroform: m.p. 158-159 "C; I R 
(CHC13) 1620cm-I; 'H-NMR (CDCI3 6 1.53 (s, 3H, Me), 1.8-2-1 and 2.5-2.9 (each m, 2H, 
CHz), 2.77 (s, 6H, NMe2), 3.7-4.0 (m, 2H, NCH2), 5-00 (s, IH, 2-H), 6 .66.9 (m, 2H, Ph), 
69-7.2 (m, 8H, Ph); "C-NMR (CDCl3) 6 28-0 (q), 33.6 (t), 38.6 (q), 47.5 (t), 50-1 (s), 73.5 
(d), 126-0-127.5, 141.2 (s), 143.4 (s), 163.8 (s); mass spectrum miz 308 (M+) .  Analyses 
calculated for CZOH24N20: C, 77.88; H, 7.84; N, 9.08. Found: C, 77.83; H,  7-88; N, 8.98. The 
minor E-isomer (3d) was not completely purified: characteristic signals, 'H-NMR (CDC13) b 
1-08 (s, 3H, Me), 2.89 (s, 6H, NMe2), 5.25 (s, IH, 2-H). 
Z-l-Dimethylcarbamoy1-3-(4'-methoxyphenyl)-3-methyl-2-phenylpyrrolidine (2e) was sepa- 


rated from the minor E-isomer (3e) by recrystallization from hexane-chloroform: m.p. 


27-3 (q), 37-6 (t), 38.3 (9). 45.2 (s), 47.0 (t), 59.6 (t), 125.6 (d), 126.2 (d), 128.4 (d), 147.0 (s), 


11.26. 


9.35, N, 10.73. 
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11 1-1 12°C; IR (CHC13) 1615 cm-'; 'H-NMR (CDCI?) 8 1.50 (s, 3H, Me), 1.8-2-1 and 2-4-2.7 
(each m, 2H, CH2), 2.76 (s, 6H, NMe2), 3.70 (S, 3H, OMe), 3-7-41 (m, 2H, NCHZ), 4.94 (s, 
lH,  2-H), 6.5-6-7 (m, 2H, aromatic), 6-7- 7.0 (m, 5H, aromatic), 74-7.1 (m, 3H, aromatic); 


126.3-128-0, 135.4 (s), 141.3 (s), 157.6 (s), 163.7 (s); mass spectrum m/z 338 (M). Analyses 
calculated for C21H2hN202: C,  74-52; H, 7-74; N ,  8.27. Found: C ,  74.52; H,  7.74; N, 8-24. The 
minor isomer (3e) was not completely purified: characteristic signals 'H-NMR (CDClq) 8 1-07 
(s, 3H, Me), 2-86 (s, 6H, NMe2), 5.20 (s, lH ,  2-h). 
2-3-(4'-Biphenyl)-1-dimethylcarbamoyl-3-methyI-2-phenyl pyrrolidine (2f) was separated 


from the minor E-isomer (3f) by recrystallization from hexane-chloroform: m.p. 165-167 O ;  IK 
(CHCI,) 1620cm-'; 'H-NMR (CDCl3) 8 1.56 (s, 3H, Me), 1.9-2.1 and 2.5-2.9 (each m, 2H, 
CH2), 2.78 (s, 6H, NMe2), 3 . 7 4 1  (m. 2H, NCH2), 5.02 (s, 1 H, 2-H), 6 .74 .9  (m, 2H, Ph), 
6.9-7.2 (m, 5H, aromatic) 7.2-7.6 (m, 7H. aromatic); '?C-NMR (CDCI?) 6 27.9 (q), 33-8 (t), 


(s); mass spectrum (CI) m/z 385 (M+l) .  Analyses calculated for C2nH2KNz0: C, 81.21; H ,  
7.34; N, 7.28. Found: C, 80.90; H,  7.28; N, 7.16. The minor E-isomer (3f) was not completely 
purified: Characteristic signals 'H-NMK (CDC13) 6 1-09 (s, 3H, M2), 2.82 (s, 6H, NMe7), 5-29 


N',N'-Dimethyl-N-isopropyl-N-(3-methoxy-3-phenylbutyl)urea (4c): b.p. 100-1 10110- torr 
(bath temperature); IR (CHCl?) 1620cmp'; 'H-NMR (Cl>C13) 6 1 4 4  (d, 6H, J=7 Hz, 
CHMe2), 1.54 (s, 3H, 3-Me), 1 .g2.1 (m, 2H, CH2), 2.73 (s, 6H, NMe,), 2.8-3-1 (m, 2H, 
NCH2), 3.13 (s, 3H. OMe), 3.73 (sep, 1H, J=7 Hz, CHMe2). 7.1-7.5 (m, 5H, Ph); "C-NMK 
(CDCi3) 6 20.4 (q), 24.0 (q), 37.1 (t), 38.5 (q), 40.9 (t), 50.1 (d and q),  78.1 (s), 125.9 (d), 
126.7 (d), 128.0 (d), 145.2 (s), 165.2 (s); mass spectrum (CI) miz 293 (M+l) .  Analyses 
calculated €or C17H2XN202: C ,  69.82; H, 9.65; N ,  9.57. Found: C, 69.55; H, 9.61; N, 9.47. 
N,N',N'-TrimethyI-N-(3-methoxy-3-phenylbutyl)urea (4a) could not be separated from 2a: 


characteristic signals 'H-NMR (CDCI?) fi 1.55 (s, 3H. 3-Me), 2.68 (s, 6H, NMe2), 2.70 (s, 3H, 
NMe), 3.1 1 (s, 3H, OMe); "C-NMR (CDCI?) 8 23.2 (q), 36-3 (q) ,  38.3 (9). 39-4 (t), 4 6 4  (t). 


N',N'-Dimethyl-N-ethyl-N-(3-methoxy-3-phenylbutyl)urea (4b) could not be separated 
from 2b and 3b: characteristic signals 'H-NMR (CDCI?) 6 1.01 (t, 3H, J=7  Hz, CH2CH,), 
1.54 (s, 3H, 3-Me), 2.68 (s, 6H, NM32), 3-12 (s, 3H, OMe); "C-NMR (CDCI?)b 13-3 (q), 23.5 


Synthesis and Photolysis of the Deuterium-labeled Compound (Id-D). Synthesis and 
photolysis of Id-D was done as in the case of Id. The 'H-NMR spectrum of 2d-D clearly 
showed the presence of a CH2D group [S 1-51 (br.s, 2H)]. 


Quantum Yield Determination. Hexanone actinometry8 was used. Irradiation was 
performed in a merry-go-round apparatus (Rayonet Photochemical Reactor RPK 2537A). 
The samples in quartz tubes were degassed to ca. lo-' torr by three freeze-thaw cycles. The 
degree of reaction (consumption of 1) was determined by gas chromatography. 


"C-NMR (CDCI,) 6 28.0 (4). 33-9 (t), 38.6 (q) ,  47.5 (t), 49.4 (s), 55.0 (4). 73-6 (d), 112.8 (d), 


38.5 (9). 47.6 (t), 49.9 ( s ) ,  73.5 (d), 126.1-128.6, 138.6 (s), 140.6 (s), 141.1 (s), 142.4 (s), 163.7 


(s, IH,  3-H). 


50.0 (q), 77.8 (s), 165.1 (s). 


(q), 38.5 (q), 39.9 (t), 43.0 (t), 43.1 (t), 50.1 (q), 78.0 (s), 165.1 (s). 
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THE EFFECT OF HYDROPHOBIC-LIPOPHILIC 
INTERACTIONS ON CHEMICAL REACTIVITY. 


CAPABILITY OF SODIUM CARBOXYMETHYLAMYLOSE 
ON ITS DEGREE OF SUBSTITUTION 


11. THE DEPENDENCE OF THE WRAPPING-UP 
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The Shanghui InJlrrirre of Orpmic Chemislry, Academia Sinica. 345 Ling l,it?g L a .  Sharighai 2000.32. China 


ABSTRACT 


The dependency of the wrapping-up capability of sodium carboxymethylamylose (NaCMA) on its degree 
of substitution (D.S. = 0.00, 0.12, 0-18, 0.24, 0-29, 0.35 and 0.41) have been studied, using two guest 
species, iodine and cetyl-trimethylammonium bromide (CTAB). The h,;,, values of NaCMA-iodine 
helical inclusion complexes decrease with increasing D.S. values and the amounts of encapsulated iodine 
by NaCMA as measured by arnperometric titrations also decrease with increasing D.S. values. With 
CTAB as the substrate, the largest number of binding sites, n ,  and the dissociation constants K d  have 
been determined by the method of surface tension versus the CTAB concentration plots. The rcsults 
show that I I  decreascs while Kd increases with increasing D.S. values. All these observations point to the 
fact that the wrapping-up capability of NaCMA decteases with increasing degrees of substitution. The 
results are discussed in terms of host-guest and host-solvent hydrophobic-lipophilic interactions as well 
as intramolecular hydrogcn-bonding. 


Although it has been known for many years that amylose or its derivative, e.g., sodium 
carboxymethylamylose (NaCMA), form helical inclusion complexes with various types of 
compounds,’ it is only more recently that they have been uscd as flexible hosts to mimic the 
induced-fit and catalytic effects of c n ~ y m c s . ~ - ~  The  conformational, encapsulating and 
catalytic behaviors of amylose have been studied mainly in Me2SO-H20 mixtures with 
different volume fractions (+) of thc organic c ~ m p o n e n t , ~ . ’  whereas similar behaviors o f  
NaCMA have been studied in aqueous solutions.* Hui, Gu and Jiang have established that 
NaCMA has a remarkable catalytic effect on  the hydrolysis of two esters of N-alkyl-3- 
hydroxypyridinium iodides with long hydrocarbon chains. However, the NaCMA they used 
had only a fixed degree of substitution (D.S. = the number of carboxylate groups per glucose 
residue = 0.41) of the -OH groups by the carboxylate groups, ( -OCH2C02- ,  Naf)  which 
were believed t o  be the  catalyzing groups, and it was not possible to  speculate, let alone 
predict, whether an  increase in D.S. would increase o r  decrease the catalytic efficiency of the  
corresponding NaCMA. There  appeared to be two conflicting factors which might affect the 
catalytic efficiency: (1) if the carboxylate groups were truly the catalyzing groups, then an 
increased D.S. might bring about a higher catalytic efficiency. (2) An increased D.S. might 
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lead to a decreased wrapping-up capability of the corresponding NaCMA and thus reduce its 
catalytic efficiency, since it had already been shown that helical inclusion complex formation 
was a prerequisite for cataly~is.’.~ Therefore, in order to address the complicated problem 
posed above, we have to answer the two interrelated questions independently. (1) Do the 
carhoxylate groups actually catalyze the hydrolysis of esters? (2) How do the carboxylate 
groups affect the stability of the inclusion complexes? Certainly, the second question is of 
interest and importance in its own right, and the present work is an attempt to answer this 
question. A companion paper will try to tackle the first question.‘ 


We have first prepared NaCMAs with graded degrees-of substitution, i.e., D.S. = 0.00, 
0.12, 0.18, 0.24, 0.29, 0-35, 0.41. Their encapsulating or wrapping-up capabilities have been 
evaluated by determining their abilities to form helical inclusive complexes with two guest 
species, viz., iodine and cetyl-trimethylammonium bromide (CTAB). The results are 
discussed in terms of host-guest and host-solvent hydrophobic-lipophilic interactions as well 
as intramolecular hydrogen-bonding. 


EXPERIMENTAL AND RESULTS 


Preparation of sodium carboxymethylamylose (NaCMA) with different degrees of substitution 


NaCMA was prepared as reported.2 The D.S. values, i.e. the number of carboxymethyl 
groups per glucose residue, was regulated by changing the relative amounts of reagents 
(CICH2CO2H and NaOH) and substrate (amylose). The results are summarized in Table 1. 


Table. 1 The dependence of the D.S. of NaCMA on the amounts of 
CICH2C0213 and NaOH used 


amylose NaOH C1CH2C02H NaCMA 
( 8 )  (s) (g) D.S. yield ( 8 )  M,, x lo-‘ 


1 no 23 27 0.12 60 5.1 
100 28 34 0.18 70 5.1 
50 17 10 0.24 40 5.15 


100 40 50 0.29 80 5.15 
50 25 25 0.35 40 5.2 
50 30 30 0.41 45 5.2 


The molecular weight ((M;,,J, D.S. and straight-chain purity of the amyloses used 


(M)n: A previously described viscosity method was used to determine the molecular weight.’ 
The results are: amylose, (Mj,z = 5.0 x lo4, degree of polymerization, D.P. = 309. the 
molecular weights of NaCMA are given in Table 1. 


The D.S. values of NaCMA was determined by conductance measurements.’ 
Determination of straight-chain purity of the amylose used. Pure straight-chain amylose 


should absorb 20% (weight) of iodine.* By the procedure of Larson,’ it was found that the 
amylose absorbed 18-4%, thus the straight-chain purity of the amylose used was 92%. 
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Measurement of the A,,, and absorbance (A) of NaCMA-iodine complex 


Four milligrams of NaCMA with different D.S.'s was dissolved in 100ml redistilled water; 
15 ml of this solution was introduced to  a 25 ml-volumetric flask, then 5 ml of 0.2 N HC1,2 ml of 
0.01 N 12-KI solution were added to the same flask; finally, the total volume of the aqueous 
solution was made up to 25 ml. The A,,, and absorbance A were measured on a Perkin-Elmer 
559 spectrophotometer. The results are shown in Table 2 and Figure 1. 


Table 2. The h,;,, and A values of the NaCMA-iodine complexes for 
NaCMA with Different D.S. values, 35°C 


D.S. 0.00 0.12 0.18 0.24 0.29 0.35 0.41 


A 0.815 0.780 0,735 0-650 0.418 i 
hrn'lx 630 613 606 598 592 584 i 


- 630 


- 620 


- 610 


- 600 


- 590 


- 580 


1 1 1 1 1 1 
0.1 0 . 2  0.3 0.4 


D.S.  


Figure 1 .  The dependence of h,,',, and A values on the D.S. of NaCMA 


Amperometric determination of the amount of iodine encapsulated by NaCMA with different 
D.S. values 


The amount of iodine complexed with NaCMA was measured by the previously reported 
About 30mg of NaCMA with different D.S.'s was dissolved in 25 ml of 1 N NaOH, 


then 10 ml of 0.5 N KI was introduced. The solution was diluted to 100 ml with redistilled water 
and transferred to a 250 ml beaker equipped with a magnetic stirrer. The solution was titrated 
with 0.005 N K I 0 3  at room temperature and the titration curves are shown in Figure 2. 


In Figure 2; the current in milliamperes (mA) was plotted against the volume of the 0.005 N 


aqueous K I 0 3  used in the titration. The dashed line represents the titration in the absence of 
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m A  


100 


5 0  


5 10 15 


Figure 2. The current (mA) vs. volumc (VKl0 , )  titration curves f o r  iodine in the presence of NaCMA with different 
D.S. values 


NaCMA. Almost all of the curves consist of two intersecting straight lines, I and 11, or I ’  and 
11’ (see inset). The 11, 11‘, ... lines roughly parallel the dashed line for uncomplexed (‘free’) 
iodine. The inset also shows how the values of b, b’, ... and a,  a’, ... are defined, thus b, 
b’, ... represent the total amounts of iodine, a, a’ ... represent the amounts of free iodine, and 
b-a, b’-a’, represent the amounts of encapsulated iodine. If Y% = weight percent of 
complexed iodine, N = normality of the K I 0 3  solution, and W = weight (g) of dried NaCMA, 
then the percentage of iodine encapsulated by NaCMA with a particular D.S. is equal to N x 
(b-a) X 127 x IOO%lW. The results are listed in ‘Table 3. 


Table 3. Dependence of the percentage of cornplexcd iodine (Y%)“ on 
the D.S. of NaCMA. 


D.S. 0.00 0.12 0.18 0.24 0.29 0.35 0.41 
Y% 18.2 16.5 14.7 12.2 10.2 8.0 1 


“uncertainty: 5 2% 


Determination of the largest number of binding sites, n, and the intrinsic dissociation constants, 
Kd* 


The largest number of binding sites, n, and the intrinsic dissociation constants, Kc,:’, were 
obtained from surface tension (0) versus surfactant concentration curves according to the 
method developed by Hui and Gu.” ’The surfactant was cetyl-trimethylammonium bromide 
(CTAB). For NaCMA with different D.S.’s, the solvent was 2% aqueous NaCl; for amylose, 
which is not soluble in water, the solvent was 0.5 Naq. NaOH. The CJ vs. [CTAB] for NaCMA 
with D.S. = 0.12, 0.18, 0.24, 0.29, 0.35 and 0.41 are plotted in Figure 3 . ;  similar plots for 
amylose and NaCMA with D.S. = 0.12 in 0.5 N aqueous NaOH are shown in Figure 4. 







IIYDKOPI IOBIC-LII'OI'I I l l  IC I N T E R A C T I O N S  AN[) REACTIVITY 137 
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Figure 3 .  Surface tension vs. [sufactant] plots for NaCMA with different D.S. values. [NaCMA] = 2.1 X 1 0 Y 5 ~  


Figure 4. 


-0.00 


C C T A B ~ X ~ O ' ~  M 


Surface tension vs. [surfactant] plots for amylose, in 0 . S  N aq. NaOH. [amylose] 


As shown in Figure 3 ,  the amount of total surfactant (CTAB) in the system is 'si, in the 
absence of added amylose or NaCMA the amount of CTAB in the solution which has a surface 
tension of say, (s,, is "s,, thus the amount of CTAB which is bound by amylose or NaCMA is 'si 
= Isi - (Isi. If  Ti, is defined as 's,/c, where c = molar concentration of amylose or NaCMA, then 
n and Kd* can be obtained by application of the Langmuir isotherm: l/Ti = lin + K,* /n  x "si, 
i.e. they can be determined by l/Ti vs. 1/"si plots, as shown in Figures 5 and 6. The values of n,  
Kd* and Kd (K,*In) thus obtained are summarized in Tables 4 and 5 .  
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D.S. = 0.35 


1 .5  - 


Q.S.  = 0.29 


D.S. = 0.24 


D.S. = 0.18 


D.S. = 0 . 1 2  


0.1 0.2 0.3 


l P S ,  


Figure 5 .  The corrclation of I K ,  with I/".Y, 


0.1 0.2 0.3 


IPS, 


Figure 6 .  The correlation of 1:r, with If's, 


Table 4. The values of n ,  tiL,*, K,, ,  for NaCMA with different 
D.S.'s in 2% NaCl aqueous solution" 


D.S. 0.12 0.18 0-24 0.29 0.35 
n 33.3 15.9 9.1 5.9 3.9 


tid ( 1 0 - 4 ~ )  0.05 0-11 0.21 0.32 0.50 
K,~*  (10-4M) 1.67 1.75 1.85 1.92 2.00 


"The uncertainty is 10% f o r  D.S. = 0.35 and within 7% for others 


DISCUSSION 


The fact that amylose or NaCMA form blue-to-purple helical inclusion complexes with iodine 
has been established and studied for years."L14 At a fixed concentration of the host species, 
the amount of iodine bound inside the helical cavities of amylose or NaCMA is directly 
proportional to the absorbance ( A )  at the A,,, of the inclusion complex, thus the absorbance 
A is a useful indicator of the relative amounts of encapsulated iodine. ' . I23I5  On the other 
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Table 5. The values of n ,  K,,*, and K,, for 
amylose in 0.5 N NaOH aqueous solution" 


~~ 


D.S. 0.00 0.12 
n 27.8 11.4 
K ~ *  (w44 1.19 1.25 
K,, ( I O - ~ ~ )  0 4 4  0.11 


"the uncertainty is ? 5%. 


hand, Bailey and WhelanIh have established that A,:,, values increase with the average chain 
length (degree of polymerization, D.P.) of the host molecules, whereas, Rao and Foster have 
observed a blue shift (from 600 to 550nm) for the A,;,, if amylose is substituted with 
carboxymethyl groups. The only NaCMA they used had a fixed D.S. of 0.80, and they 
believed that the blue shift was caused by the shortening of the average length of the helical 
segments. I7-ly 


Our results, using NaCMA with seven D.S. values, are summarized in Table 2 and Figure 1. 
They clearly show that both and A values decrease with increasing D.S. In fact, the A,,,, is 
linearly related to D.S. (A,:,, = 629.45 - 130.28 D.S., r = 0.9996). Therefore, we can safely 
conclude that at fixed concentrations of host guest species, both the amount of encapsulated 
iodine and the average length of the helical segments decrease with the increasing number of 
carboxylate groups (D.S.), An interesting observation can be made if we compare our data 
with those of Bailey's.'' This is done in Table 6, e.g., at D.S. = 0.00, our A,,;,, is 630nm, this 
h,;,, corresponds with that of Bailey's amylose with a D.P. of 315; at D.S. = 0.18, the A,:,, 
value (606 nm) corresponds to that of Bailey's amylose with D.P. of 90. In other words, viewed 
in the perspective of the wrapping-up capabilities of the host molecules, the net effect of 
increasing the number of carboxylate groups (D.S.) appears to be equivalent to cutting up the 
host molecules into shorter pieces, even though the acual average chain length of our 
NaCMAs changed only slightly. 


A second methodology for the quantitative evaluation of the amount of encapsulated iodine 
is the amperometric titration of an aqueous solution of NaCMA and KI with aqueous K I 0 3  
(cf. experimental). The results from this approach, as shown in Table 3, are in full agreement 
with the above-mentioned spectral data, i.e., the amount of bound iodine decreases with 
increasing D.S. 


Two other notions of great importance to our study are, the largest number of binding sites, 
n and the dissociation costant, Kd:' or Kd ( K d  = Kd:'/n).  The values of n and Kd'k can be 
obtained from (J vs [surfactant] curves followed by the Langmuir-isotherm treatment. (cf. 
experimental). Our results are summarized in Tables 4 and 5. They show that n decreases 
while Kd increases with increasing D.S. Evidently, the wrapping-up capability of NaCMA, 
whether expressed in terms of the number of effective binding sites (helical segments) or the 
stability of the inclusion complexes, is definitely impaired by the presence of the hydrophilic 
carboxylate groups. 


In aqueous solutions, dissolved NaCMA molecules probably form random coils in which 
ordered helical segments are connected by disordered I f  the degree of 
polymerization of the NaCMA macromolecule is large enough, then at a fixed D.S. value, the 
number and average length of the helical segments will depend on the  pH and ionic strength of 
the medium. 17.20 Although previous workers used and studied NaCMA with only a single 
D.S. value (Rao and Foster, 0-8; Brant and Min, 0.55; Hui and Gu, 0-41),2.17.1" they had 
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already proposed that subsitution by carboxylate groups would shorten the helical segments. 
While the aforesaid proposition might appear to be an acceptable rationalization for all our 
experimental findings, it would be an incomplete and too simplistic rationalisation. Other 
factors should also be taken into consideration. For instance, the 2- and 3-positions of glucose, 
particularly the 2-positions, are known to be the main sites of ~ubst i tut ion,~ and it has also 
been pointed out that in the helical conformations of amylose, intramolecular hydrogen 
bonding occurs between the 2-position of one glucose residue and the 3-position of a 
neighboring glucose unit.' Thus substitution by the carboxylate groups would reduce the 
number of these intramolecular hydrogen bonds and consequently impair the capability of 
amylose to form helices. Furthermore, the steric effects of the bulkier carboxymethyl groups 
might also somewhat disfavor the formation of helical conformations.'9 However, we believe 
the crucial factors or aspects of our problem are the hydrophobic and lipophilic interactions, 
and there are at least three types of interactions which are of importance, namely, (1) 
host-solvent, (2) guest-solvent, and (3) host-guest interactions. Using only one substrate 
(CTAB) in aqueous solution, the guest-solvent interactions can be omitted in our discussion. 
The host-solvent hydrophobic interactions will certainly be reduced by substitution because 
the anionic carboxylate groups are more hydrophilic than the un-ionized (and intramolecularly 
H-bonded) hydroxyl  group^.^ The reduced hydrophobic interactions coupled with the reduced 
number of intramolecular H-bonding sites (vide supra) will certainly reduce both the number 
and the average length of the helical segments of NaCMA, and therefore, the larger the D.S. 
value, the greater the corresponding reductions. On the other hand, lipophilic interactions 
between host and guest molecules also contribute to host-guest interactions. I s  These attractive 
interactions will also be reduced by the negatively charged carboxylate groups, thus larger 
D.S. values also disfavor the formation of helical inclusion complexes. In short, all our 
experimental observations, i.e., increased degree of substitution will decrease the A,,;,, of the 
iodine-complex, decrease the amount of encapsulated iodine, decrease the largest number of 
binding sites ( n )  and decrease the stability of the helical inclusion complex of CTAB (increase 
the Kd values), can all be understood in terms of hydrophobic-lipophilic interactions and 
intramolecular H-bonding, and perhaps, also of steric effects of the larger carboxylate groups. 
In a companion paper," we will show that an increase in D.S. will also impair the catalyzing 
ability of the NaCMA in the hydrolysis of long-chain esters. 
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THE EFFECT OF HYDROPHOBIC-LIPOPHILIC 
INTERACTIONS ON CHEMICAL REACTIVITY. 12. 


MECHANISTIC INVESTIGATIONS OF 
NaCMA-CATALYZED HYDROLYSIS OF ESTERS 


XI-KUI JIANG, XING-YA LI AND BANG-ZHOU HUANG 
The Shanghai Inwtute of Organic Chemistrt, Academia Sinica, 345 Ling Ling Lu. Shonghar 200012, China 


ABSTRACT 


The dependence of the catalytic efficiencies of sodium carboxymethylamylose (NaCMA) for the 
hydrolysis of N-lauryl-3-acetoxypyridinium iodide (1) and p-nitrophenyl dodecanoate (3) on its degree of 
substitution (D.S. = 040, 0.12, 0.18, 0.24, 0.29 and 0.35) and on the pH values of the solutions (pH = 
7.32,7-80,8.10 and 9.30) have been studied. At fixed D.S. values, the observed hydrolysis rates of 1 and 
3 increase with increasing concentrations of NaCMA and follow saturation kinetics. At  fixed 
concentration of NaCMA, the rates increase with decreasing D.S. values until they reach maxima at D.S. 
= 0.00. Furthermore, at any D.S. value the catalytic efficiency increases with increasing pH values of the 
solutions. All these results indicate that the hydroxyl groups are actually the principal catalyzing groups. 


Recently, it has becn reported that sodium carboxymethylamylose (NaCMA) in aqueous 
solution (pH = 7.80) can effectively catalyze the hydrolysis of N-lauryl-3-acetoxypyridinium 
iodide (1) and N-methyl-3-dodecanoyloxypyridinium iodide (2) by first wrapping up these 
long-chain substrates in its helical cavities. ' The formation of helical inclusion complexes as 
a prerequisite for catalysis has also been established by kinetic studies of the hydrolysis of 
substituted phenol esters of carboxylic acids with different chain lengths 23.4 in Me2SO-H20 
binary systems (pH = 12-60 to > 14) with various volume-fractions (Q) of the organic 
cosolvent (Me,SO). In the former case (NaCMA in H,O), it  was proposed that the pendant 
carboxylate groups were the catalyzing groups,' mainly because it was believed that the OH 
groups were essentially un-ionized at pH = 7.80 and that the carboxylate ion (CH3C02- ) 
could catalyse the hydrolysis of 1 with a measureable rate constant (k2  = 0.67 x 1K3 SKI M - I ) .  


0894-3230188lO30 143-O9$05 .OO 
@ 1988 by John Wiley & Sons, Ltd 


Received 28 September, 1987 
Revised 24 December, 1987 







144 X . - K .  JIANG, X . - Y .  LI AND B . - 2 .  IIUANG 


Obviously, the aforesaid proposition was not established in this previous work, particularly in 
consideration of the fact that the NaCMA used only had one fixed value of the degree of 
substitution (D.S. = 0.24), which is defined as the number of carboxylate groups per glucose 
residue. Thus it would be of great mechanistic interest to find out whether the carboxylate 
groups were indeed the catalyzing groups, or whether the O H  groups, probably mainly the 
ionized ones, were actually performing the catalytic job. At first sight, it might appear that the 
catalytic efficiency of NaCMA should increase with the D.S. values if carboxylate groups were 
truly able to catalyze the hydrolysis. Having had second thoughts, one would immediately 
think of the possibility that substitution might impair the capability of amylose to encapsulate 
its substrates and thus reduce its catalytic efficiency. At the time of the previous work, none of 
the answers to the two aforementioned questions were known, and it was not possible to make 
a simple prediction of the effect of increasing D.S. values on the catalytic efficiency of 
NaCMA. Therefore, we adopted a two-pronged approach to address this mechanistic 
problem. In a companion paper5, the dependency of the wrapping capability of NaCMA on its 
D.S. is examined. In the present work, the catalytic efficiencies of NaCMA with graded D.S. 
values (0.00, 0.12, 0.18, 0.24, 0.29 and 0.35) at different pH values (7.32, 7.80, 8.10 and 9.30) 
of the aqueous solutions have been evaluated. The pyridinium iodide 1 and p-nitrophenyl 
dodecanoate (3) were used as the substrate esters. 


EXPERIMENTAL SECTION 


Preparation of substrates 


N-Lauryl-3-acetoxypyridinium iodide (1). An equimolar mixture of 3-acetoxypyridine and 
lauryl iodide' was refluxed with appropriate amounts of anhydrous benzene for 12 h. The 
reaction mixture was cooled, diluted with anhydrous ethanol and then poured gradually into a 
large amount of anhydrous ether. The lower layer was separated and the solvent was removed 
on a rotatory evaporator to yield a red oil, which was identified by H-NMR and elemental 
analysis to be the desired product 1. 


Calculated for C,0H3202NI. C: 5267; H: 7.39; N: 3-23. Found. C: 52-48; H: 7.53; N: 3.03. 
NMR: (CDCI,): 0.2-2(m, 23H); 2.5(s. 3H); 5.0(t, 2H); 8.65(m. 2H); 9.65(m, 2H). 


p-Nitrophenyl laurate (3) was prepared according to the method previously r e p ~ r t e d . ~  
Solvents. The following aqueous solutions were used as the buffer solutions: Na2HP04- 


NaH2P04 0.01 M ,  pH = 7.32; Na2HP04-NaH2P0.,, 0.01 M ,  pH = 7.80; H2B03-NaOH-KC1, 
0.01 M ,  pH = 8-10; Na2C03-NaHC03, 0-01 M ,  pH = 9.30. To all of these aqueous solutions 
2% (wt) of sodium chloride was added. 


Arnylose solutions. The aqueous solution of amylose was prepared by dissolving it in 0.05 N 
NaOH followed by neutralizing with dilute HCI to the desired pH. This solution was then 
mixed with appropriate amounts of t h e  buffer solution just before use. 


The NaCMA solutions were prepared by dissolving the NaCMA directly in the buffer 
solutions, and diluting it to the desired concentrations. NaCMA with D.S. = 0.12, (Molecular 
weight (M), = 5-1 x lo4); 0.18 ((M), = 5-1 x lo4); 0.24, GM), = 5-15 x lo4); 0.29, ((Mjn = 5-15 
X lo4) and 0.35, ((M)" = 5-2  x lo4) were used.' 


Kinetics 


Kinetic measurements were performed on a Perkin-Elmer 559 Spcctrophotometer equipped 
with a thermostated cell as previously described. ' Rate constants for the hydrolysis of 1 and 3 
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Table 1. Hydrolysis rate constants k o h  ( 1OP3sCi) of 1 in the presence 
of increasing amounts of NaOH and NaOAc", [I] = 8 x l O V 5 ~  


[NaOH] ( lop4 M) 0.05 0.76 1.38 2.45 3.09 4.17 
koh 1.67 3.50 13.4 23.3 33.5 43.3 
[CH3C02Na] (M) 0.00 0-10 0.30 0-40 0-60 0.80 1.00 
krih 0.81 0.82 0.95 1-08 1-37 1.60 1.83 


a experimental uncertainty: f 4% 


were determined by following the change in absorbance at 320 nm for 1 and at 410 nm for 3, 
respectively. The kinetics was shown to be first-order. 


The concentration of 1 was fixed at 8 x lop5 M, below its critical aggregate concentration 
(CAgC)X, which is ca. 15 X lops M in the presence of NaCMA, and 10 x low5 M in the absence 
of NaCMA. For similar reasons, 3 was fixed at 2 x 1 0 - ' ~ .  


The catalytic capabilities of hydroxide and acetate ions were compared by measuring the 
rate constants (/cob) of the hydrolysis of I in Na2HP04-NaH2P04 buffer solutions containing 
different amounts of NaOH or sodium acetate (cf. Table 1 ) .  From the slopes of the linear 
portion of the /cob vs. [CH,C02Na] and kcIi, vs. [NaOH] curves the second-order rate constants 
(k2)  were evaluated. 


RESULTS AND DISCUSSION 


The observed hydrolytic rate constants (kob) of the substrate 1 in the presence of increasing 
amounts of NaCMA with graded D.S. values, in aqueous solutions with pH values of 7.32, 7.80 
and 8-10 are summarized in Tables 2,  3 and 4 respectively. Similarly, the kc,h for 3 in solutions 
with pH = 9.30 are listed in Table 5 .  The kah in each table can be plotted against [NaCMA] to 
yield six curves, which correspond to the six D.S. values chosen (0.00, 0.12, 0.18, 0.24, 0.29 
and 0.3.5). For illustration, the data from Table 2 is plotted to give Figure 1 and 2. Similar 
figures were obtained for data from Tables 3. 4 and 5 .  The curves in Figure 1 show that the 
rates increase with the amount of NaCMA. Furthermore, they display saturation behaviour, in 


Table 2. Hydrolytic rate constants k o h  (10-3s-i) of 1" at pH = 7.32, as 
catalyzed by increasing concentrations of NaCMA ([NaCMA]) with 


graded D.S. values at 35"Ch 


D.S 
0.00 


[ NaCM A] 72 


0.05 0.10 0.15 0.20 0.30 0.40 0.50 0.60 


0.00 0.47 
0.12 0.47 
0.18 0.47 
0.24 0.47 
0.29 0.47 
0.35 0.47 


2.87 4.58 5.83 7-0 
2.38 3.67 4.58 5.24 6.00 6.27 
1.73 2.58 3.20 3.63 4.17 4.33 
1.03 1.42 1.67 1.83 1.98 2.12 
0.95 1.17 1.42 1.61 1.83 1.94 
0.65 0.79 0.89 0.98 1.04 


" [ I ]  is 8 x I O - ' M  
uncertainty: * 5% 
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Table 3. Hydrolytic rate constants k, ,b  (IO-'s ') of 1" at pH = 7.80. as catalyzed 
by increasing [NaCMA] with graded D.S. values at 35°C'' 


[NaCMA]% 
D.S 


0.00 0.025 0.05 0.10 0.15 0.20 0.30 0.40 0.50 0.60 
~~ ~ 


0.00 O W  3.30 5.50 9.28 12.9 15.3 
0.12 0-87 4.80 7.33 9.33 10-8 11.7 12.5 
0.18 0.87 3.20 5.00 6.25 7.17 7.83 8.27 
0.24 0.87 1.88 2.47 2.93 3.27 3.40 3.57 
0.29 0.87 1.48 1.94 2.19 2.53 2.80 
0.35 0.87 1.28 1.57 1.75 1.90 2.00 2.07 


[ I ]  IS 8 x 1 o r 5 M  
" unccrtainty IS -+ 5'% 


Table 4. Hydrolytic rate constants k,,,, ( 1 0 - k ' )  ot 1" at pH = 8.10, as 
catalyzed by increacing [NaCMA] with graded D.S. values at 3 S T h  


[ NaCM A] c/o 
D.S 


0.00 0.05 0.10 0.15 0.20 0.30 0.40 0.50 0.60 


0.12 1.30 7.67 13.1 15.7 19.3 24.0 27.6 30.7 31.6 
0.18 1.30 8.07 12-3 15.6 18.7 20.7 22.4 
0.24 1.30 4-53 6.53 8.00 8.87 9.33 9.87 
0.29 1.30 3.43 4-93 6.00 6.93 7.50 
0.35 1.30 2-57 3.47 4.13 4.73 5.07 5.13 


Table 5.  Hydrolytic rate constants kOb (lo-%-') of 3' at 
pH = 9.30, as catalyzed by increasing NaCMA] with 


graded D.S. values at 35°C b 
[NaCMA]% 


D.S. 
0.00 0.10 0-20 0-40 0.60 0.80 1.00 


0.12 0.51 2.81 4.60 7.81 10.3 11.6 12.3 
0.18 0.51 2.60 4.79 6.31 7-11 7.51 
0.24 0.51 1.31 2-01 2.75 3.30 3.69 
0.35 0.51 0.81 0.99 1.10 1.25 1.40 


' I  131 is 2 x ~PM. 
" uncertainty: 8%. 


accordance with the fact that the substrate molecules are encapsulated inside the helical 
cavities of NaCMA.'-4,Y Here  an observation of crucial importance is (e.g., see Figure 1): a t  
any host concentration ([NaCMAJ) and at  any pH, the rate of catalyzed hydrolysis of 1 o r  3 
decreases with the increasing degree of substitution (D.S.) of the host. This observation 







I IYDROPI IOBIC-LIPOPI l lLlC INTERACTIONS AND REACTIVITY 147 


D s .=o .oo  


t/ 


D.S.= 0.18 


2 D.S = 0 . 2 4  


I I I 
F 


0.2 0.4 0 .6  


L N a C M A l  


Figure 1 .  Observed rate constants at 3 S T ,  pH = 7.32 for the hydrolysis of 1 as a function of NaCMA concentration. 


dovetails with an observation of the companion work.' which has established that the largest 
number of binding sites (n )  of NaCMA decreases with increasing D.S. e.g. ,  a t  D.S. = 0.12, n 
= 33.3; D.S. = 0-18, n = 15.9; D.S. = 0.35, n = 3.9. Taking both these observations into 
consideration and disregarding the nature of the catalyzing groups for the time being, we can 
reasonably postulate that substitution with carboxylate groups will reduce the catalytic 
efficiency of NaCMA because the number ( n )  as well as the stability of the helical inclusion 


2 1 
I 


7 


2 5  5 0  


1 / C A l  [I03U") 


Figure 2 .  Lineweaver-Burk plot with the data from 'I'ahle 2. 
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Table 6. Dissociation constants of the inclusion complex of 1 
and NaCMA and catalytic rate constants of the hydrolysis of 1 
at different pH and 35°C 


D.S. 
PI3 measured constants 0.00 0.12 0-18 0.24 0.29 0.35 


k ,  X 10' 15.2 10.4 6.38 3-16 2.67 
kJk, , ,  32.3 22.1 13.6 6.72 5.68 


k,lK; 298 126 96.7 43.3 36.6 
7.32 K ;  x 10' 5.1 8.24 6.6 7.3 7.3 


k,  X lo3 52.4 20-3 15.0 5.03 4.70 2.90 
k,lk,,,, 60.2 23.3 17.2 5.78 5.40 3.33 


k,lK; 519 262 153 82.7 45.6 38.6 


k,  x 10' 47.6 36.9 14.6 13.3 8.46 
kclk,,, 36.6 28.4 11.2 10.2 6.51 


6.11 8.46 6.01 9.02 8.88 
k,l Kh 779 436 243 147 95.3 


7'80 K;  x lo5 10.1 7.74 9.81 6.08 10.3 7.51 


8'1° K;, x 105 


'' The uncertainties are: for k , ,  t 5 % ;  for K:, .  8% 


complexes formed between NaCMA and the substrate are reduced. The validity of the 
aforesaid postulate should be tested by examining the k,, K:,, kdk, ,  and k,/K; values 
summarized in Table 6. The corresponding values for substrate 3 were not tabulated because 
the rate constants for 3 are less accurate than those for 1. 


ki k ,  


k l  
S + NaCMA-NaCMA . S -product 


product 


The k, and K; values were obtained from Lineweaver-Burk plots using equation ( l) , '  where 
K; = ( k - ,  + k,) / k l  and [A] is the molar concentration of the NaCMAs. 


Table 6 reveals that although thc K:, values are not very sensitive to changes in D.S. ,  the 
trends of change of the k ,  / kun and k, / K; values, both indicators of catalytic efficiency, are 
clear-cut; they decrease with increasing D.S. values. At this point, one may already argue that 
since the catalytic efficiency decreases with the degree of carboxylate substitution, and 
particulary, it is highest at D.S. = 0.00, then the carboxylate groups can not be the main 
catalyzing groups as previously suggested. However, the above argument is not completely on 
safe ground because all data can be rationalized on the following assumptions: (1) Both the 
hydroxyl (-OH and -0-) and carboxylate groups can catalyze the hydrolysis, although 
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their relative importance may vary with changing circumstances. (2) The predominant factors 
which determine the catalytic efficiency are the number and the stability of helical inclusion 
complexes which decrease with increasing D.S. In fact, exceedingly strong support for the last 
statement can be obtained from plotting either k,/  k,,, or k, /  KA against the number of 
binding sites ( n )  evaluated from the companion work,’ because all such plots turned out to be 
straight lines, as shown in Figures 3 and 4. Therefore, in order to assess the importance or 
unimportance of the carboxylate ions as catalyzing groups, we should look into the effect of 
pH on the catalytic efficiency. 


I I 1 1 


10 20 30 n 


Figure 3. Correlation of kJk,, , ,  with the largest number of binding sites ( n )  at pH = 7.80 and 8-10, 


10 2 0  30 n 


Figure 4. Correlation of k J K ’ , ,  with the largest numbcr of binding sites ( n )  at pH = 7.32, 7.80 and 8.10. 
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0.1 0.2 0.3 0.4 D.S. 


Figure 5 .  Correlation of k,,, ,  of 1 with the D.S. values of NaCMA at different pH values. [ I ]  = 8 X 1 0  ' M. [NaCMA] 
= 0.296 (wt).  


The carboxylic groups of NaCMA has a pK,  value of CCI. 4.2.7 in other words, at pH 7.3, 
they are already 99.5% ionized, and at pH 7.8, essentially 100%. Therefore, if the carboxylate 
groups are mainly responsible for the catalysis, then at any specific D.S. value, the observed 
rate constants should be relatively insensitive to small pH changes. This is evidently not so, as 
shown by Figure 5 in which kc,b is plotted against D.S. at pEI values of 7.32, 7.80 and 8.10. At 
any D.S. value, the rates increase with increasing range of pH to a much greater extent than 
would be expected from the pH change itself. Furthermore, both k, ,' k,,,  and k ,  / K ;  also 
increase with pH, as shown in Figures 3 and 4. All these facts can only be reconciled with the 
proposition that the ionized, and probably to a much lesser extent un-ionized, hydroxyl groups 
are actually the principal catalyzing groups. '".' ' 


In order to obtain supporting evidence for the above conclusion, rate constants (Table 1) for 
the hydroxide-catalyzed and acetate-catalyzed hydrolysis o f  1 have been measured. 
Second-order rate constants (k2)  for the acetate- and hydroxide-catalyzed hydrolysis are (1-28 
k 0.02) x 10-'s-' M - '  and 120 k 2 s- '  M - I  respectively. The hydroxide ion is thus four to five 
orders of magnitude more effective than the acetate ion and thereby can operate at much 
lower concentrations. Bearing in mind that: (1) the O H  groups of glucose are slightly more 
acidic than the OH of water, 7,12 (2) in NaCMA the O H  groups outnumber the carboxylate 
groups, and (3) in the helical microenvironment intramolecular hydrogen-bonding may get in 
the game in some subtle ways, it is entirely reasonable to conclude that the OH groups are the 
principal catalyzing groups for the hydrolysis of long-chain esters wrapped-up inside the helical 
cavities of NaCMA. Finally, it is worthwhile to recall that substitution of the OH by other 
groups will impair the capability of amylose to form helical inclusion complexes which are 
essential to the realization of catalytic hydrolysis of the long-chain esters. 
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NON-PLANAR STRUCTURES OF THE 
PENTAFLUOROALLYL AND 1,l-DIFLUOROALLYL 


ANIONS 
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E 1 du Pont de h‘emorrrs & Company, Central Rerearch & Development Deptcirrmenf, Experimentul Sfafron.  
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ABSTRACT 


The structures of the allyl anion (1) and two fluoro-substitutcd derivatives, perfluoro (2) and 1.1-difluoro 
(3) have been calculated by ah inito molecular orbital theory. Geometries were gradient optimized, and 
force fields and an MP-2 correlation correction were determined at stationary points. The calculations 
were done with a double zeta basis set augmcnted by d functions on carbon (DZ + Dc). Final 
self-consistent field (SCF) and MP-2 energy calculations were done with the D Z  + Dc basis set 
augmented by diffuse functions. The ground state of 1 is the planar ally1 anion (C2,). The rotation barrier 
in 1 is 21.1 kcalimol at the MP-2 level. The cyclopropyl carbanion is 27.0 kcalimol higher in energy at the 
MP-2 level. The perfluoroallyl anion is not planar, and the rotated structure is 25.7 kcalimol more stable 
than the CZv structure at the MP-2 level. The lowest energy structure on the potential energy surface for 2 
is the perfluorocyclopropyl carbanion which is 27.8 kcal/mol more stable than the Cz,, structure at the 
MP-2 level. The 1 ,I-difluoroallyl anion is also not planar. Here the most stable structure on the potential 
energy surface is the rotated allyl anion which is 8.3 kcalimol more stable than the all-planar ally1 anion 
structure. 


The planar, delocalized allyl radical and anion with their associated out-of-plane p orbitals are 
well accepted structures that play a central role in molecular orbital theory as models for 
orbital interactions and electronic effects. Both the  radical and anion possess substantial 
delocalization energies and are known experimentally to have high barriers to internal rotation 
about the allyl bond, 15.7 t 1 kcallmol for  the ally1 radical’ and 18.0 k 0-3kcalimol for 
allylcesium in solution.2 Our finding some time ago that replacement of all the hydrogens by 
fluorines lowers the rotational barrier in the allyl radical by over 9 kcalimol’ and our current 
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interest in polyfluorinated anions' prompted us to investigate the effects of fluorination on the 
allyl anion. We report here an ab initio molecular orbital study of the title anions which show 
that they do not exist as classical, planar structures but instead have minimum energy 
structures which closely resemble the transition state for rotation in the parent allyl anion! 


The geometries of the allyl anions in conformations A-C and the isomeric cyclopropyl 
anions D were gradient optimized' using the programs HONDO' on an IBMi3081 and 
GRADSCF on a CRAY-1A. (GRADSCF is an ah initio gradient program system designed 
and written by A. Komornicki at Polyatomics Research). The optimizations were performed 
with a double-5 basis set augmented by polarization functions on all carbon atoms (DZ + 
DC).7 The force fields were determined analytically8 at the stationary points as were 
correlation corrections at the MP-2 level9 using the program GRADSCF. Subsequent SCF and 
MP-2 energy calculations were done at the D Z  + Dc geometries with the DZ + Dc basis set 
augmented by diffuse functions (DZ + Dc + Diff). For the DZ + Dc + Diff basis set, a set of 
diffuse p functions7 was added to the C and F basis sets and a diffuse s orbital (a(1s) = 0449) 
was added to the H basis set. The results are given in Table 1 together with the number of 
imaginary frequencies for each optimized conformation which define whether the structure is a 
minimum (all positive directions of curvature), a transition state (one negative direction of 
curvature), or a point with a given symmetry on the potential energy hypersurface (more than 
one negative direction of curvature). The occupied orbital eigenvalues are negative for all allyl 
and cyclopropyl structures. 


Table I .  Relative energies for allyl and cyclopropyl anions'' 
~ 


A E  (SCF) A E  (MP-2) ivh 
Anion DZ + Dcc DZ + Dc + Difr' DZ + Dcc DZ + Dc + Difr' 


1A 
1B 
1 c  
ID 


2A 
2B 
2 c  
2D 


3A 
3B 
3 c  
3D 


O.oc 
21.3 
22.8 
30.5 
26.8 
-0.8 


2.1 
0 . P  


10.0 
0.0' 
6.2 


10.5 


0.0' 
20.6 
22.8 
31.5 


25.7 
-2.2 


1.0 
@Oh 


11.1 
0.0' 
6.5 


13.3 


0.0 
23.0 
24.3 
26.7 


28.8 
4.0 
6.5 
0.0 


5.5 
0.0 
5.5 
3.7 


0-0 
21.1 
234  
27.0 


27.8 
2.1 
5.0 
0.0 


8.3 
0.0 
6.3 
8.5 


0 
1 
1 
0 
3 
0 
1 
0 


2 
0 
1 
0 


"Energies in kcalimol given relative to thc most stable isomer at the MP-2 level. 
"Number of imaginery frequencies (number of negative directions of curvature) determined with the 
D Z  + Dc basis set. 
'Double-< basis set. carbon atoms polarized. 
"DZ + DC basis set augmented by diffuse functions. 
'1A. E(SCF) = - 116.424714 au. E (MP-2) = - 116407108 au.  
'1A. E(SCF) = - 136.436554 au.  E (MP-2) = - 116,828967 X U .  


'2D. E(SCF) = - 610.803876 LIU. E(MP-2) = - 61 1.71'2752 L I U .  
"2D. E(SCF) = ~ hlO.813796 ; I U .  E(MP-2) = ~ 01 I.73S790 ;iu. 
'3B. E(SCF) = - 311~185270 ~ I U .  E(h1P-2) = - 311.771392 ;tu 
'3B. E(SCF) = - 314.19SX93 ~ I U .  E(MP-2) = - 3I4~SO[J?OO LIU.  
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As expected, the parent allyl anion has the planar CZv structure 1A. Its rotational barrier via 
transition state 1B is 20.6 kcalimol at the SCF level and 21.1 kcal/mol at the MP-2 level, which 
compare to a barrier of 23.6 kcalimol through 1B calculated by Schleyer and co-workers at the 
MP-2/4-31+G level."' The isomeric cyclopropyl anion 1D is also an energy minimum 
structure, but lies 27.0kcal/mol above 1A at the MP-2 level. This is substantially less than the 
41.0 kcalimol difference in energy between ID and 1A found previously at the MP-2/4-31 +G 
level. The discrepancy at the 4-31+G level can be largely attributed to the absence of d 
functions which stabilize strained rings. ' I 


Fluorination dramatically affects the allyl anion conformation and the relative energy of the 
cyclopropyl anion. The perfluoroallyl anion is not planar. The rotated structure 2B is the 
energy minimum allyl conformer and the perfluorocyclopropyl anion 2D is only 2.2 kcal/mol 
higher in energy at the SCF level. When correlation is included, 2D is actually more stable than 
2B by 2.1 kcalimol. The classical anion structure with C2" symmetry is 25.7 kcallmol above 2B, 
but it has three negative directions of curvature and is simply a high energy point on  the 
potential energy hypersurface. 


The gem-difluoro structures 3A-3D are closer together in energy, but the rotated structure 
3B is still the lowest energy ally1 conformer. The 2.2-difluorocyclopropyl anion 3D is higher in 
energy than 3B at the MP-2 level, which is opposite to the case for the perfluorinated isomers. 
Although the planar C, structure 3A is moderately close in energy to 3B, i t  is characterized by 
two negative directions of curvature and is not a minimum on  the energy surface. 


These results clearly show that the planar form of the allyl anion is markedly destabilized 
upon substitution of hydrogen by fluorine at the terminal carbons. We believe that the 
proclivity of &-fluorinated carbanions to be pyramidal is the principal reason for this 
destabilization. Notably, the vertex inversion barrier for CH, is less than 2 k ~ a l i m o l , ' ~  
whereas the inversion barriers for CH2F-, CHFF, and CF, are calculated to be 14.0, 45.6, 
and 106.0 kcalimol, respectively, at the MP-2/DZ + D c ~  + Diff level. These values com\pare to 
SCF values of 17.5 and 17.2 kcal/mol for CH2F- with a polarized double-6 basis set augmented 
by diffuse functions,'? and 119-1 kcal/mol for CF, with a large Slater basis set.'4 For CH2F-, a 
value of 13.8kcal/mol is reported at the MP-2/6-31+G* level.'3b From a simple model of the 
allyl anion with excess charge of -0.5e on the terminal methylenes, we can roughly estimate 
the energy of pyramidalization at each CF, group to be one half of the inversion barrier of 
CHF,, 22.8 kcalimol. From the energy difference between 1A and 1B of 21.1 kcalimol for the 
parent ally1 anion and the 22-8 kcalimol favoring pyramidalization, we estimate that the planar 
1,l-difluoroallyl anion (3A) should be about 2 kcalimol above the rotated pyramidal form 3B, 
which compares to the MP-2 value of 8-3 kcalimol. Similarly for the perfluoroallyl anion where 
pyramidalization is favored by about 46 kcal/mol (2 CF2 sites each with a charge of -0.5e) 
compared with the 21.1 kcalimol barrier for rotation, 2A is estimated to lie 25 kcalhol  above 
2B, which is essentially the same as the calculated value of 25.7 at the MP-2 level. Albeit 
admittedly oversimpified, this analysis suggests that pyramidalization of the negatively 
charged CF2 groups is indeed the predominant effect on conformation of the fluorinated ally1 
anions. 


Our results directly bear on the chemistry of the 1,l-difluoroallyl anion in solution. Seyferth 
and coworkers have generated [CF2CHCH2]- Li+ in situ, trapped it with a variety of 
electrophiles, and found that the electrophiles always add regiospecifically to the CF2 
terminus. This regiospecificity may be a consequence of the rotated structure of the anion 
3B. Clearly negative charge is highly localized on the CF, group in 3B which makes it the 
preferred site of electrophilic attack, and thus the observed regiospecificity can be readily 
accounted for without invoking specific Li counterion interactions. I s  Of course, this 
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explanation presupposes 1 ,I-difluoroallyllithium is a separated ion pair. Detailed calculations 
on 1,l-difluoroallyllithium itself are required to confirm that 3B is a suitable electronic model 
for  this organolithium species. 


We plan to further investigate the potential energy surfaces that connect the fluorinated ally1 
anion conformers and cyclopropyl anion isomers, and to experimentally test the prediction 
that the rearrangement of the perfluoroallyl to the perfluorocyclopropyl anion is favorable 
thermodynamically. 
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APPENDIX 


The following are the molecular coordinates for 1-3 (A-D) in atomic units. 


Atom 


1A 
Molecular coordinates 


X Y z 


Carbon 
Carbon 
Carbon 
Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 


0~000000 
-2.412101 


2-412101 
-2.715811 


2.71581 1 
- 4.065039 


4.065039 
0~000000 


0~000000 
0~000000 
0~000000 
0*000000 
0~000000 
0~000000 
0~000000 
0 ~000000 


2.980086 
4.026816 
4.0268 16 
6.048623 
6.048623 
2.829367 
2.829367 
0.920944 


Atom 


1B 
Molecular coordinates 


X Y z 


Carbon 
Carbon 
Carbon 
Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 


-0.071 204 
2,759030 
3.953 175 
4.067092 
2.889339 
5.998048 


-0-450476 
-0.450476 


-0.552009 
- 0.1328% 


2- 101032 
-1-749315 


3.841 572 
2.244456 


-1,794016 
-1.794016 


0~000000 
0~000000 
0.000000 
0~000000 
0~000000 
0~000000 
1.641931 
1.641 93 1 


Atom 


IC 
Molecular coordinates 
X Y Z 


Carbon 
Carbon 
Carbon 
Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 


-0.100562 
2-719373 
3.977659 
3-983956 
3-006964 
6.02861 8 


-0.916841 
-0.9 16841 


-0.6441 14 
-0.061353 


2.144334 
- 1.693652 


3.945163 
2.212871 
0-337844 
0.337844 


0~000oO0 
0~000000 
0-000000 
0~000000 
0~000000 
0~000000 


- 1.645237 
1.645237 
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Atom 


1D 
Molecular coordinates 


X Y Z 


Carbon 
Carbon 
Carbon 
Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 


1 -790165 
- 0.734437 
-0.734437 
-1.418158 
-1.418158 
- 1.423546 
- 1 *423546 


2.623730 


0~000000 
1.429772 


- 1 e429772 
- 2.327 174 


2-327 174 
- 2.404085 


2-404085 
0~000000 


-0.136861 
-0-002338 
- 0.002338 


1 *720S91 
1.720591 


- 1.677782 
- 1.677782 


1 -766720 


Atom 


2A 
Molecular coordinates 
x Y z 


Fluorine 
Carbon 
Carbon 
Carbon 
Fluorine 
Fluorine 
Fluorine 
Fluorine 


0 ~000000 
0~000000 


- 2.356585 
2.356585 


-2.837821 
2.837821 


-4.556724 
4-556724 


0~000000 
0~000000 
0~000000 
0-000000 
0-000000 
0~000000 
0~000000 
0~000000 


0.407358 
2.965532 
3.993557 
3.993557 
6.5 17125 
6.517125 
2.658154 
2.658154 


Atom 


2B 
Molecular coordinates 


X Y Z 


Fluorine 
Fluorine 
Carbon 
Carbon 
Carbon 
Fluorine 
Fluorine 
Fluorine 


-0-369110 
-0.369110 
-0.409933 


2.767592 
3.84 1960 
4.403829 
2.693774 
6.327207 


-2.350305 
-2.350305 
-0.650859 
-0.228271 


2-005174 
- 2.202436 


4-215237 
2-396436 


-2.079238 
2.079238 
0-000000 
0~000000 
0~000000 
0~000000 
0-000000 
0-000000 
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Atom 


2c 
Molecular coordinates 


X Y Z 


Fluorine 
Fluorine 
Carbon 
Carbon 
Carbon 
Fluorine 
Fluorine 
Fluorine 


- 1 -044742 
- 1.044742 
- 0.095 152 


2.719316 
3 49001 6 
4.261 165 
2.788682 
6.385825 


0.7 10996 
0.7 10996 


-0.734973 
-0.117180 


2.060184 
-2- 161012 


4.2937 17 
2.385372 


- 2475802 
2.075802 
0.000000 
0~000000 
0*000000 
o*oooooo 
0~000000 
0~000000 


Atom 


2D 
Molecular coordinates 


X Y Z 


Carbon 
Carbon 
Carbon 
Fluorine 
Fluorine 
Fluorine 
Fluorine 
Fluorine 


1.636593 
- 0.7272 12 
- 0.7272 12 
- 1.741219 
-1.741219 
- 1 *478926 
- 1.478926 


3.219138 


-0.1 16383 
-0.026443 
-0.026443 


2.079203 
2.079203 


- 1-963936 
- 1.963936 


1 -99929 1 


0~000000 
- 1.394420 


1,394420 
- 2.487009 


2.487009 
-2.923712 


2.923712 
0.000000 


Atom 


3A 
Molecular coordinates 
x Y Z 


Hydrogen 
Carbon 
Carbon 
Carbon 
Hydrogen 
Hydrogen 
Fluorine 
Fluorine 


0-09 19 12 
-0.01 1782 
-2.446553 


2.310658 
- 2.728807 
- 4.082496 


2.886952 
4.538297 


0.924 171 
2.967842 
4.042042 
3.988484 
6.060044 
2.832797 
6.495923 
2.663370 


0.000000 
0-000000 
0~000000 
0-000000 
0~000000 
0 ~ ~ 0 0 0  
0.000000 
0~000000 
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