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Abstract: Photolyses of 9-diazofluorene were carried out in isobutene, cis-2-butene, and trans-2-butene at 0, -77, - 100, 
- 160, and - 196 “C. In all cases, the products included the dimethylspiro[cyclopropane-1,9’-fluorene(s)] and the 9’-fluo- 
roenylalkene(s) appropriate to the addition and abstraction-recombination reactions, respectively, of fluorenylidene (1) with 
the substrate butene. For each substrate, the cyclopropane/9’-fluorenylalkene product ratio was studied as  a function of tem- 
perature. In all cases, the relative yields of the 9’-fluorenylalkenes markedly increase at low temperatures. It is concluded that 
generation at low temperature favors reactions of triplet 1, relative to those of singlet 1, and that the energetically preferred 
reaction of triplet 1 with butenes is abstraction of allylic hydrogen, rather than addition to the double bond. The reaction of 1 
with [l-13C1-2-methylpropene at 77 K was shown to afford 2-methyl-3-(9’-fluorenyl)propene with equal amounts of I3C a t  - .  . 
C( I )  and C(3). 

The triplet ground state of fluorenylidene (1) has been 
observed by electron spin resonance,’ ENDOR,2 and spin- 

1 

trapping  technique^.^ Generated by the ambient-temperature 
photolysis of 9-diazofluorene in solution, however, 1 behaves 
as  a nonequilibrium mixture of singlet and triplet species. In 
contrast to the structurally related diphenylcarbene, for which 
singlet-triplet equilibration has been suggested to  be faster 
than reactions of the carbene with C=C or C-H bonds,4 the 
rate of equilibration of fluorenylidene states is either slower 
than or comparable with the rates of many intermolecular 
reactions of the singlet. Consequently, in addition to  alkenes, 
the relative yields of singlet and triplet addition products can 
be altered by dilution with hexafluorobenzene, which enhances 
triplet addition by affording a n  opportunity for singlet-triplet 
transitions secondary to molecular collisions of low produc- 
tivity, or by dilution with 1,3-butadiene, which enhances singlet 
addition by selectively scavenging triplet f l~orenyl idene .~  

Singlet and triplet fluorenylidene can also be differentiated 
by reaction with 1,l-dicyclopropylethylene, where the singlet 
gives the anticipated cyclopropane, but the triplet additionally 
affords a rearranged diene via an intermediate 1,3 diradicaL6 
This partition is sensitive to dilution with decalin or ben- 
zene. 

Fluorenylidene “inserts” into the secondary C-H bonds 
of cyclohexane’ and the allylic C-H bonds of c y c l o h e ~ e n e . ~ ? ~  
I n  large part, these reactions appear to  proceed by triplet hy- 
drogen abstraction-radical pair recombination, and, in the case 
of cyclohexene, addition to  the double bond and allylic hy- 
drogen abstraction are  c ~ m p e t i t i v e . ~  

the prevailing opinion has been “fluorenylidene, unlike di- 
phenylcarbene, adds to ir-systems without the complication 
of large amounts of hydrogen-abstraction”.’” We were con- 
cerned that this generalization might only be applicable to 
ambient temperature reactions of 1, because we had shown that 
abstraction reactions dominate addition reactions in the low 
temperature reactions of phenylcarbene,’ methylphenyl- 
carbene,12 and d iphenyl~arbenel~  with simple alkenes. We 
therefore undertook a careful study of the reactions of 1 with 
cis- butene, trans-butene, and isobutene a t  temperatures 
ranging from 0 to - 196 O C .  Our  enthusiasm was whetted by 
the suspicion that, because of its “slow” spin state equilibra- 
ti01-1,~ the temperature dependence of the reactions of 1 with 

Until now, and despite the work of Baldwin and 
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alkenes might be rather different from that of diphenylcar- 
b e r ~ e , ~ , ’ ~  for which spin state equilibration appears to be rapid 
relative to intermolecular reaction, and also different from the 
behavior of phenylcarbene,” for which rapid spin state 
equilibration has been suggested.I4 

The results, described below, demonstrate that the chemistry 
of 1 a t  low temperature does indeed involve a substantially 
enhanced triplet component, and that, in parallel with the 
behavior of other a r y l ~ a r b e n e s , ~ ~ - ’ ~  the hallmark of low 
temperature triplet fluorenylidene chemistry is abstraction 
from rather than addition to alkenes. 

Results 
Photolyses in Isobutene. Dilute, degassed solutions of 9- 

diazofluorene (9-DF) in isobutene, containing 13% (by weight) 
of dry diglyme were photolyzed in sealed Pyrex tubes (A >300 
nm) according to the procedures detailed in the Experimental 
Section. G C  analysis of the product mixture revealed the 
presence of fluorene (2), 2-methyl-3-(9’-fluorenyl)propene (3), 
fluorenone (4), and the anticipated cyclopropanation product, 
2,2-dimethylspiro[cyclopropane- 1,9’-fluorene] ( 5 ) ;  cf. eq 1. 

0 0-1-0 0 w x>3oonm ” W  
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T L C  analysis indicated the presence of fluorenone ketazine15 
and bifl~orenylidene.’~ The identities of the latter compounds, 
as  well as  of 2 and 4, were established by appropriate chro- 
matographic comparisons with authentic samples. Cyclopro- 
pane 5 was isolated from a 0 “ C  photolytic experiment and 
identified by NMR and (exact) mass spectral determinations. 
Alkene 3 was identified by G C  augmentation techniques, using 
an authentic sample prepared from 3-chloro-2-methylpropene 
and lithium 9-fluorenide. Product distributions were deter- 
mined by G C  analysis using mechanical (Disc) integration, 
and appear in Table I. 

1 -I3C-labeled isobutene was prepared from acetone and 
triphenylphosphonium [ 13C]methylide and contained 12.4 f 
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Table I. Product Distributions. Photolysis of 9-DF in IsobuteneO 

Temp,’C 2 3 4 5 315 
Ob 1.9 3.8 1.4 94.3 0.040 
-77c trd 6.0 1.9 94.0 0.064 
- 100‘ trd 1.4 1.3 98.5 0.014 
-16Of,g 6.3 8.4 11.6 85.2 0.098 
-196f,h 2.6 38.9 4.5 58.4 0.67 

Data are averaged percent (based on duplicate runs) of products 
2,3, and 5, normalized to 100%; the percent yield of fluorenone, 4, is 
based on a separate normalization including 4. Average deviations 
were O.O,O.O, 0.4, and 0.0. Average deviations were -, 0.2,0.0, and 
3.0. Trace implies < 1%. e Average deviations were -, 0.2,0.5, and 
0.2. f Solid matrix. g Average deviations were 1 .1 ,  1.4,0.5, and 2.3. 

Average deviations were 0.8, 1.4, 3.3, and 2.2. 

0.2 at. % I3C at  C(1), according to integration of the H*C(l )  
parent and satellite signals in its ’H N M R  spectrum. 9-DF was 
irradiated in the labeled isobutene for 30 h at  -196 OC. After 
a normal workup, the I3C N M R  spectrum of the product 
mixture was determined and compared with that of the pure 
alkene, 3’, which exhibits (inter alia) absorptions at  @e4SI 113.3 & CH,CCH, !H 

3‘ 

( C ( l ) ) ,  143.4 (C(2)), 42.16 (C(3)), 22.54 (C(4)), and 44.88 
(C(9’)), with observed integral intensities of C(3) and C(1) 
in the ratio 1.05:l. In the spectrum of the photolysis product 
mixture obtained under identical spectrometer operating 
conditions, the signals of C(3) and C ( l )  were strongly en- 
hanced, relative to the other absorptions of 3, and were in the 
intensity ratio 1.OO:l. No other I3C signals were within 5 ppm 
of these signals. Within a few per cent, then, the I3C label in 
carbene product 3 was equally distributed between C (  1) and 

The  I3C N M R  spectrum of a product mixture obtained by 
photolyzing 9-DF and normal isobutene a t  0 O C  (i.e., the 
product mixture was rich in 5 )  was compared with the I3C 
N M R  spectrum of pure 3. Signals observed in the former 
spectrum did not overlap with the C (  1) or C(3) resonances of 
3. 

Photolyses in cis-Butene. Carried out as in the case of iso- 
butene, these reactions afforded 2 and 4 as GC-detectable 
products, as  well as  3-(9’-fluorenyl)-l-butene (6), t rans- l -  
(9’-fluorenyl)-2-butene (7), cis-1 -(9’-fluorenyl)-2-butene (8), 
trans-2,3-dimethylspiro[cyclopropane- 1,9’-fluorene] (9), and 
cis-2,3-dimethylspiro[cyclopropane- 1,9’-fluorene] (10); cf. 
eq 2. Products 6,7,  and 8 were identified by appropriate G C  
comparisons with authentic samples synthesized by reactions 
of lithium 9-fluorenide with, respectively, 3-chloro-1 -butene 

C(3) .  

6 

9 

H 
10 

and trans-crotyl bromide, and by a Wittig reaction of 9’-flu- 
orenylacetaldehyde and the ylide derived from ethyltriphen- 
ylphosphonium bromide. Experimental details and spectral 
characterizations appear below. 

Cyclopropanes g5 and lo5 were G C  collected from 0 O C  
photolytic runs and characterized by N M R  and (exact) mass 
spectra. Isomer 10 was the major product of reaction 2 at  0 OC, 
as was previously reported for the 5 OC p h o t ~ l y s i s . ~  

The GC-determined product distributions appear in Table 
I1 for photolyses carried out a t  various temperatures. Fluo- 
renone, though present, was not quantitatively determined in 
these reactions. Although there was poor reproducibility of 
alkene yields a t  -196 OC, there is no doubt that alkenes be- 
come the major products a t  this temperature. T L C  analysis 
again revealed the presence of fluorenone ketazine and biflu- 
orenylidene. 

Photolyses in trans-Butene. Photolyses of 9-DF in trans- 
butene containing 13% (by weight) of diglyme were carried 
out similarly, and gave GC-detectable products which corre- 
sponded to those observed in the cis-butene reactions; cf. eq 
2. Product identities were established by appropriate GC- 
augmentation experiments using authentic samples, and the 
product distributions as a function of temperature appear in 
Table 111. Note that the reproducibility of the alkene distri- 
butions a t  -196 “C is quite satisfactory. 

Relative Product Ratios. In discussing the product distri- 
butions cited in Tables 1-111, it will be helpful to use relative 
yields in place of absolute yields, and, moreover, to employ 
them in semiquantitative estimates of rate constant ratios for 
competing reactions. W e  have chosen to use relative yields 
because the photolyses reactions are  rather inefficient, par- 
ticularly a t  low temperature, and the reactions were generally 

Table 11. Product Distributions. Photolysis of 9-DF in Cis-ButeneO 

9 6 + 7 + 8  
Temp, OC 2 6 7 8 9 10 9 +  10 9 +  10 

Ob 5.0 2.1 t rc  6.7 32.6 53.1 0.38 0.10 
-77d tr 1.1 tr 4.0 41.5 53.5 0.44 0.054 
- 1 o o e  2.6 0.8 t rc  2.6 43.3 50.6 0.46 0.036 
- 160f.g 10.0 5.1 3.3 18.4 22.7 35.1 0.39 0.47 - 196ff’ 13.2 9.7 9.3 47.8 4.5 15.4 0.23 3.41 

Data are  averaged percent (based on duplicate runs) of products 2 and 6-10, normalized to 100%. Average deviations were 0.4. 0.1, 
Average deviations were -, 0.0, -, 0.2, 0.1, and 0.3. e Single run. f Solid matrix. g Average 

0.64, if 2 is included in numerator. ‘ Average of s i x  runs, with average deviations 4.0,2.3, 7.6, 
-, 0.2, 0.2, and 0.7. Trace implies <1%. 
deviations were 0.6, 1 . I ,  0.2,2.0, 1.5, and 3.4. 
10.0,0.7, and 1.9. J 4.0 i f  2 is included in numerator. 
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Table 111. Product Distributions. Photolysis of 9-DF in trans-Butene' 

10 6 + 7 + 8  
Temp, "C 2 4 6 7 8 9 10 9 f 1 0  9 f  10 

O b  6.2 6.0 2.5 8.0 4.0 73.0 6.2 0.078 0.18 
- 7 l C  t r d  9.5 t r  3.3 t r  84.5 11.5 0.12 0.034 
- 1 o o e  t r  9.0 t r  8.2 t r  86.5 5.2 0.057 0.089 
- 160f.g 7.5 17.2 4.9 34.5 4.9 41.1 7.0 0.15 0.92h 
- 196f,' 3.1 i 5.2 67.  10.7 11.9 2. I 0.15 5.9k 

Data are averaged percent (based on duplicate runs) of products 2 and 6-10, normalized to 100%; the percent yield of fluorenone (4) is 
Average deviations were -, 2.0, -, 0.7, 

Trace implies < I % .  e Average deviations were -, 0.4, -, 0.4, -, 0.4, and 0.0. f Solid matrix. g Average deviations were 
1.1 if2isincludedinthenumerator.  iAveragedeviationswere0.2,--,0.6,0.3, 1.0,0.3,andO.l.J Quan- 

based on a separate normalization. 
-, 4.0, and 3.5. 
3 .4 ,0 .0 ,0 .5,0.8,  1.3,0.3,and0.5. 
titatively determined ( in  only one run)  as 2.396, based on a separate normalization. 

Average deviations were 0.9, 2.4, 0.3, 0.5, 0.2, 2.0, and 0.2. 

6.1 if 2 is included in numerator. 

carried only to low conversions (<50%) before termination and 
destruction of the remaining diazofluorene with maleic an- 
hydride (see Experimental Section). 

The use of relative yields is justifiable, however, if all 
products of 1 and the olefins are accounted for in each reaction. 
We have carefully synthesized and identified all observed 
products of 1 and the three butene olefin substrates. In the GC 
traces used to generate the quantitative data shown in Tables 
1-111, all observed products of 1 and the butenes were deter- 
mined and included in the normalizations upon which the 
relative distributions rest. 

Discussion 
The observed behavior of 1 toward cis- or trans-butene at  

0 O C  is in agreement with the description, by Jones and Rettig,5 
of these reactions at  5 "C. Alkenes are minor products a t  0 O C  
(cf. Tables I1 and I I I ) ,  and the extents of nonstereospecific 
cyclopropanation by 1 were 1.62 10/9 from cis-butene and 
0.085 from trans-butene, which compare reasonably well with 
1.95 and 0.06, the corresponding reported5 product ratios. 

Further reference to the tables, however, shows that the 
yields of fluorenylalkenes 3 (from isobutene) and 6-8 (from 
the 2-butenes) are markedly enhanced a t  low temperature, 
particularly a t  -196 O C .  Alkene formation is strongly aug- 
mented in the low temperature reaction of 1 and isobutene; the 
ratio (3/5) increases from 0.04 at  0 O C  to 0.67 a t  -196 "C 
(Table I). In the low temperature reactions of 1 with cis- or 
trans- butenes, fluorenylalkenes become the major products; 
the product ratio (6 + 7 + 8)/(9 + 10) increases from 0.10 or 
0.18 (0 "C) to 3.4 or 5.9 (-196 "C), respectively. One notes 
that the major alkene product formed from either 2-butene 
corresponds to formal C-H "insertion" a t  C (  l ) ,  with pre- 
dominant retention of geometry a t  the double bond. 

What is the origin of the fluorenylalkenes observed a t  low 
temperature? The reaction of 1 with I3CH2=C(CH3)2 a t  
- 196 O C  gave 3 in which the label was equally divided between 
C(3) and C( 1) (see above). This is only consistent with an 
abstraction-recombination (a-r) mechanism for the formation 
of 3 (cf. eq 3) and implies that the 1 + cis- or trans-butene 
reactions proceed similarly at -196 O C  (cf. eq 4).16 Analogous 
results have been obtained upon photogeneration of phenyl- 
carbene in solid cis-butene a t  -196 "C.I1 

The formation of 3-(9'-fluorenyl)cyclohexene in 54% yield 
from fluorenylidene and cyclohexene (at 17 "C) has been at- 
tributed to a triplet 1 initiated a-r reaction on the basis of la- 
beling experiments which employed 3-deuteriocyclohexene as 
a substrate.8 If triplet 1 is indeed responsible for fluorenylal- 
kene formation here, it is even more likely to be responsible for 
the formation of alkenes 3 and 6-8 in - 196 OC olefinic ma- 
trices; the ground state of l is known to be a triplet and rela- 
tively stable in fluorolube glasses a t  -196 OC,I7 making it 
reasonable to expect the formation of substantial amounts of 
triplet 1 in olefinic glasses a t  liquid nitrogen temperature. 

3 

1 

- 6 + 7  + 8  (4) 

Supportive analogies emerge from the work of Roth and 
Manion with acetylcarbeneI8 and ~ i n y l c a r b e n e . ' ~  Acetylcar- 
bene, generated in cyclohexene-dlo by the photosensitized 
decomposition of diazoacetone, afforded C I D N P  spectra for 
product 3-acetonylcyclohexene which supported a triplet a-r 
mechanism of formation.l* Presumably, an analogous mech- 
anism holds for the formation of 3-allylcyclohexene via the 
photosensitized decomposition of vinyldiazomethane in cy- 
c l ~ h e x e n e . ' ~  

Accepting a triplet a-r mechanism for the formation of al- 
kenes in the low temperature reactions between l and the bu- 
tene olefins,20 we must still inquire how the decrease in reaction 
temperature suppresses the ambient temperature addition 
reactions of 1 in favor of the low temperature a-r reactions. 
Two aspects must be considered: (a)  the effect of decreasing 
reaction temperature alone; (b) possible matrix effects. 

The reaction of diphenylcarbene and isobutene, for example, 
is also subject to a strong temperature effect,13.22 with the al- 
kene/cyclopropane product ratio changing from 0.24 (0 "C) 
to 44.6 (-196 "C). In this case, the logarithm of the product 
ratio varies linearly with T-I. Noting that singlet-triplet 
equilibration of diphenylcarbene is faster than reactions of the 
carbene with alkenes? analysisI3 indicates that the activation 
energy for triplet abstraction is greater by -2 kcal/mol than 
the activation energy for singlet addition. However, this dif- 
ference is smaller than the energy difference between the sin- 
glet and triplet states of diphenylcarbene ( 1 3  kcal/mo14). 
Thus, as the reaction temperature is lowered, triplet abstraction 
gains, relative to singlet addition. Moreover, product ratios 
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Figure 1. In (total alkene product/total cyclopropane product) for the 
reactions of fluorenylidene and isobutene (O), fluorenylidene and trans- 
butene (A), and phenylcarbene and cis-butene (0) vs. T-' (K-I). 

determined in either isobutene solutions or isobutene matrices 
obey the same Arrhenius relation, so that the shift from ad- 
dition to abstraction products can be explained simply as a 
temperature effect, without recourse to a "matrix ef- 
fect". 23,24a 

The behavior of 1 and isobutene, however, is different. The 
logarithm of the product ratio (3/5) is not simply related to 
T-I (cf. Figure 1) and this situation does not change appre- 
ciably if the yield of fluorene (counted as a triplet product) is 
added to the yield of 3. Similar results obtain in the formation 
of 6-8 from the reactions of 1 with either trans-butene (Figure 
I )  or cis-butene (not illustrated), and in the formation of the 
analogous olefinic products from the reaction of phenylcarbene 
with cis-butene" (presented in Figure 1 for comparison). 

To analyze these results, we must first ask whether there is 
a greater proportion of total triplet product formed at  low 
temperature than a t  0 "C, and then examine the distribution 
of triplet products as a function of temperature.24b Studies of 
1 reacting with cis-butene, diluted with hexafluorobenzene, 
indicate that triplet 1 affords 10 and 9 in the ratio 0.25:l a t  5 
OC.s If, in the reaction of cis-butene and 1 at  0 "C (Table 11) 
we attribute the 32.6% 9 exclusively to triplet 1, and consider 
that some of the 53% yield of cyclopropane 10 (0.25 X 32% = 
8%) also comes from triplet 1, then -41% of the total product 
represents triplet 1 derived cyclopropanes and -45% represents 
singlet derived cyclopropanes. The remaining -I 4% of the 
product (2 + 6 + 8) can be considered largely triplet derived,*O 
making the overall triplet/singlet product ratio -55/45 or 
--I .2. 0 analogous treatment of the 0 "C 1 + trans-butene 
data (9, le 111) gives a triplet/singlet product ratio of 51 /49, 
or -1.0. These results agree with the estimate of Jones et 

Now, if similar product assignment analyses are applied to 
the - 196 "C data  of Tables I1 and 111, assuming that the 10/9  
distribution from triplet 1 and the 2-butenes remains 0.25/ 1, 
and counting fluorene (2) and alkenes 6-8 as triplet products, 
then the low temperature triplet/singlet product ratios are 
-85 /  15 (-5.7) for 1 + cis-butene and -96/4 (-24) for 1 + 
trans-butene. We conclude that the products formed at  -196 
"C reflect larger contributions of triplet 1 than the products 
formed at  0 "C. 

Why is the triplet contribution enhanced at  -196 "C? The 
rate of singlet-triplet interconversion of 1 is slower than or 
comparable with the rates of its intermolecular reactions with 
alkenes a t  5 0C,5,25 and ambient temperature photolysis of 
9-DF affords -5050 mixtures of singlet and triplet 1, with the 
triplet arising either from spin inversion of the photoexcited 
9 - D F  prior to nitrogen loss, or from spin inversion of singlet 

a1.9 

1 competitive with its intermolecular reactions. It is tempting, 
but by no means unavoidable, to postulate the operation of a 
matrix effect in the -196 "C (and -160 "C) photolyses of 
9-DF in the butene olefins; viz., photolysis of 9-DF initially 
leads to an approximately equal mixture of singlet and triplet 
1, but the singlet, restricted in the matrix, decays to triplet 
faster than it can react with the matrix. Accordingly, the triplet 
contribution to product formation would be enhanced at  - 196 
OC. 

Consider now the fates of triplet 1 a t  0 and -196 "C. About 
55% of 1 generated at  0 "C in cis-butene reacts as the triplet 
(see above) and affords mainly cyclopropanes 9 and 10, rather 
than abstraction-initiated products, fluorene (2) and alkenes 
6-8; the abstraction/addition ratio, (2 + 6 + 7 + 8) / (9  + lo ) ,  
for triplet 1 and cis-butene is -0.34 a t  0 O C .  At -196 "C, 
however, the same ratio is -14. A similar analysis of the (more 
reliable) trans-butene data gives the triplet 1 abstraction/ 
addition ratio as -0.9 a t  0 O C  and -8.6 a t  - 1  96 "C. Clearly, 
the reactivity of triplet 1 toward the 2-butenes has changed 
from predominant addition at  0 "C to predominant abstraction 
at  -196 "C. 

A priori this could reflect either a "matrix effect" or a 
temperature effect. A consistent explanation can be con- 
structed on the latter basis, however, so that there is no need 
to incoke a matrix effect here. In particular, if  the activation 
energy for triplet addition of 1 to cis-butene marginally ex-  
ceeds that for triplet abstraction by 1 from but 
the ratio of preexponential factors, Adddn/Aabbtn, is consider- 
ably larger than unity,26b then addition of 1 will predominate 
a t  0 "C, but abstraction reactions will predominate a t  - 196 
"C. 

Indeed, from the "observed" triplet 1-cis-butene abstrac- 
tion/cyclopropanation ratios a t  0 and - 196 "C (0.34 and 14, 
see above), we estimate (E:ddn - E:brtn) to be -790 cal/mol 
and Aaddn/Aabstn -1 2.7. Similar estimates follow from the 
triplet 1-trans-butene data.27 Comparison of these values with 
the analogous triplet diphenylcarbene-cis-butene parametersZ6 
indicates that the two triplet carbenes are  quite similar in 
competitive abstraction-addition reactions with cis- butene. 
We suggest that an energetic preference for abstraction rather 
than addition may be general in the reactions of arylcarbenes 
and aliphatic olefins. 

The apparent gross reactivity differences between diphen- 
ylcarbene and 1 (e.g., the discontinuities observed in graphs 
of In (abstraction/addition) vs. T-l for 1; cf. Figure 1 )  are  
largely traceable to the absence of rapid singlet-triplet equil- 
ibration in the latter case. Once this is circumvented, the two 
systems are seen to behave similarly. In cases where spin 
equilibration is faster than available intermolecular reactions, 
a matrix effect of the kind suggested for 1 (above) would be 
by-passed, but it might then be necessary to postulate a second 
kind of matrix effect to rationalize the phenylcarbene-cis- 
butene matrix photolysis" in which, assuming spin state 
equilibration to be rapid a t  ambient t e m p e r a t ~ r e s , ' ~  there 
appears to be a matrix-induced enhancement of triplet a-r 
products a t  the expense of singlet addition; cf. Figure 1. W e  
have previously suggested a modus operandi for such a matrix 
effect. l 2  

It is, perhaps, worth noting that, if the proposal of rapid spin 
state equilibration for phenylcarbene were incorrect, then the 
temperature and matrix dependence of phenylcarbene reac- 
tivity would become entirely analogous to that of 1, and subject 
to the analysis presented above. Coincidentally, a recent 
M I N D 0 / 3  calculation gives the singlet-triplet splitting of 
phenylcarbene as at  least 22 kcal/mol,28d which, although 
probably too high, may be suggestive of a relatively large 
splitting. This would suggest a low rate of spin state equili- 
bration because the rate of this process is inversely related to 
the state separation.28b 
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On the other hand, we note the recent reports of Tomioka 
et al. concerning O H  vs. CH insertion reactions of carbenes 
generated in alcohol solutions or in frozen alcohol mat rice^.^^.^^ 
In particular, the generation of phenylcarbene (by photolysis 
of phenyldiazomethane) in methanol, ethanol, or 2-propanol 
led mainly to the respective alkylbenzyl ethers (OH insertion) 
a t  0 "C, but increasingly to the respective CY (or to a lesser ex- 
tent, @) C H  "insertion" product a t  -72, - 110, and - 196 
The ethers were attributed to OH insertion by singlet phen- 
ylcarbene and the CH insertion products were attributed to 
matrix-enhanced a-r reactions of triplet phenylcarbene. 
However, the published experimental data  do not force the 
conclusion that a matrix effect operates. If the logarithms of 
the C H  insertion product yields,31 relative to the ether yields, 
are  plotted against T - ! ,  a reasonable linearity is observed for 
the 2-propanol data, whereas, with methanol and ethanol, less 
triplet product is observed at  - 196 "C than would be expected 
on the basis of the higher temperature results. Viewed in this 
way, the results of Tomioka3O can be taken as reflecting a 
temperature effect13 operating on an equilibrated singlet and 
triplet phenylcarbene system. Whatever matrix effect may 
operate, it does not enhance triplet a-r reactions. 

Experimental Section 
Instruments. IR spectra were recorded on a Perkin-Elmer Model 

I37 spectrometer. IH N M R  spectra were recorded on a Varian Model 
T-60 spectrometer as  CC14 solutions with an internal (CH3)4Si 
standard; '3C N M R  spectra were recorded under similar conditions 
using a Varian Model CFT-20 spectrometer. Mass spectra were ob- 
tained with a Hitachi Perkin-Elmer RMU-7 instrument. Melting 
points were obtained with a Mel-Temp apparatus and are uncorrected. 
All G C  work was done on a Varian Model 1720 instrument, fitted with 
a I I .5 ft X 0.25 i n .  3.5% Carbowax 2OM + 2.5% SE-30 on 60/80 
G C R  column: operating conditions included injector, 250; detector, 
260; and column 210 "C. The He flow rate was 70 mL/min. Product 
distributions were determined with a Disc integrator. 

9-Diazofluorene (9-DFj. To  a 100-mL flask was added 4.0 g (22 
mmol) of fluorenone hydrazone,32 60 mL of dry ether, 1 g of annhy- 
drous NalS04,  and I m L  of saturated ethanolic KOH solution. Yellow 
mercuric oxide ( I  5 g) was added and the reaction mixture was stirred 
magnetically in the dark for 6 h. After filtration and concentration 
of the filtrate, cooling (5 "C) afforded 2.1 g ( 1  1 mmol, 50%) of solid 
9-DF,  mp 98-99 "C (lit.33 mp 94-95 "C).  

[l-13C]-Isobutene. In a 500-mL round-bottom flask was placed 300 
mL of dry ether, 2.0 g of 90 a t .  % [I3C]methyl iodide (Merck Sharp 
& Dohme), 16.0 g of methyl iodide ( 1  26 mmol), and 40.0 g of tri- 
phenylphosphine (Aldrich, I53 mmol). The solution was stirred a t  
25 "C for 5 days; the resulting phosphonium salt was filtered and dried 
under vacuum, affording 47.3 g (93%) of methyltriphenylphospho- 
nium iodide (-12.9% I3C by ' H  N M R ) ,  mp 184-186 "C (lit.34 mp 

The above phosphonium salt and 300 mL of dry ether were added 
to a three-neck 500-mL flask equipped with a condenser, nitrogen 
inlet, rubber septum, and magnetic stirrer. With stirring, 60 m L  ( 1  25 
mmol) of 2. I M n-butyllithium in hexane (Alfa) was slowly added via 
syringe at  25 "C under nitrogen. After addition, sitrring was continued 
for 4 h. Then ether was removed under reduced pressure, and 30 m L  
of dioxane (distilled from sodium) was added. After 20 min of stirring, 
dioxane and residual ether were removed under reduced pressure. An 
additional 60 m L  of dry dioxane was added, the top of the condenser 
was connected to a cold trap (-78 "C) which terminated in a gas 
bubbler, and 15 mL of dry acetone was slowly syringed into the stirred 
reaction mixture. A slow stream of nitrogen was passed over the re- 
action mixture, and, after 2 h, an additional 5 mL of acetone was 
added. Stirring was continued for 5 more h. About 3.3 g (50%) of 
isobutene collected in the cold trap. IH N M R  indicated the presence 
of traces of ether. The 1-I3C content was determined to be 12.4 f 0.2 
at. O h  by repetitive integration of the I2CH2 signal (centered at  6 4.62 
in the ' H  N M R )  and of its satellite a t  6 5.92. 

trans-1-(9'-Fluoren~l)-2-butene (7). A 250-mL, three-neck flask was 
equipped with a conde'nser, addition funnel, nitrogen inlet, and 
magnetic stirrer. T o  the flamed and nitrogen-blanketed flask was 
added 5.0 g (30 mmol) of fluorene (Aldrich) and 100 mL of dry 

184-186 "C).  

hexane. The solution was heated to reflux and 30 mmol of n-butyl- 
lithium in hexane was added slowly; reflux was continued for 3 h. Then 
a solution of 5 g (37 mmol) of technical grade crotyl bromide (Aldrich, 
80% crotyl bromide and 20% 3-bromo-I-butene) in I O  mL of hexane 
was slowly added, and reflux was continued overnight. The resulting 
slurry was washed with 75 mL of water, and the organic phase was 
concentrated. The oily yellow product was analyzed by GC; fluorene, 
fluorenone, and olefins 6, 7, and 8 were present. The major olefinic 
product was 7, which was preparatively collected. The overall yield 
of olefins was -50%. K M R ;  6 1.60 (crude d,  3 H,  CH,), 2.57 (m,  2 
H,  allylic CH2), 3.87 ("t", J = 6 Hz, 9 '-H), 5.00-5.77 (m,  2 H,  vi- 
nylic), 7.00-7.80 (m, 8 H,aromatic). Calcd for C I ~ H ! ~ :  m/e 220.1252. 
Found: m/e 220.123 I. 
3-(9'-Fluorenyl)-2-methylpropene (3). This alkene was prepared from 

3-chloro-2-methylpropene (Aldrich) and 9-fluorenyl anion using a 
procedure analogous to that used for the preparation of 7. The crude 
product mixture contained fluorene, fluorenone, and 3, which was G C  
collected. N M R :  6 1.87 (s, 3 H, CH3), 2.53 (d, J = 7 Hz, 2 H,  allylic 

7.10-7.96 (m,  8 H,  aromatic). The 13C N M R  spectrum isdescribed 
above. Calcd for C17H16: m/e 220.1252. Found: m/e 220.1276. 

3-(9'-Fluorenyl)-l-butene (6). This alkene was prepared from 3- 
chloro-I-butene (Aldrich) and 9-fluorenyl anion, in a manner anal- 
ogous to the preparation of 7. The crude product mixture contained 
all of the products observed in the preparation of 7, but 6 was the major 
olefinic component and was G C  collected. N M R :  6 0.68 (d, J = 7 Hz. 
3 H,  CH,), 2.83-3.33 (m,  I H ,  CHCH,) ,  4.00 (d, J = 4 Hz, I H ,  9'- 
H), 4.93 and 5.10 (m's, 2 H, =CH2), 5.70-6.27 (m, 1 H, CH=CH2), 
7.07-7.80 (m, aromatic); traces of fluorene were present in this 
sample. Calcd for C17H16: m/e 220.1252. Found: m/e 220.1270. 

cis-l-(9'-Fluorenyl)-2-butene (8) .  A 250-rnL. three-neck flask was 
equipped with an addition funnel, reflux condenser, nitrogen inlet, 
and magnetic stirrer, and charged with 5 g (30 mmol) of fluorene and 
30 mL of dry hexane. The solution was brought to reflux and 32 mmol 
of n-butyllithium in hexane was slowly added. After 3 h a t  reflux 50 
m L  of tetrahydrofuran was added to dissolve the lithium fluorenide. 
The resulting red solution was transferred, under nitrogen, to a fresh 
addition funnel, and subsequently added to a solution of 6.6 g (33.5 
mmol) of bromoacetaldehyde diethyl acetal (Aldrich) in  25 m L  of 
tetrahydrofuran. The reaction mixture was stirred for 10 h and then 
diluted with 50 mL of water. The organic phase was separated, dried 
(CaCI?), and stripped of solvent, affording an oil which was purified 
by chromatography on a 2.5 X 48 cm silica gel column. Elution with 
10: 1 hexane-ether gave 9'-fluorenylacetaldehyde in the third and 
fourth 50-mL fractions. Removal of solvent gave 250 mg (4.396) of 
the aldehyde. The IR spectrum (neat) showed the aldehydic C H  at  
2800 and a carbonyl absorption at  1720 cm-I. The N M R  spectrum, 
despite Contamination with ether and hexane, revealed 6 2.73 ("d", 
J = 7 Hz, 2 H ,  CH2C(=O)H; an additional I -Hz splitting of each 
component was visible), 4.32 ( t ,  J = 7 Hz, I H. 9'-H). 7.0-7.7 (m,  
aromatic), and 9.57 (t,  J = 1 Hz. 1 H, CHlC(=O)H).  The aldehyde 
was converted to 8 without further purification. 

A 250-mL, three-neck flask, equipped with a septum, nitrogen inlet, 
and magnetic stirrer, was charged with 3.7 g (10 mmol) of ethyl tri- 
phenylphosphonium bromide in 15 mL of hexane. n-Butyllithium (10 
mmol) in hexane was added (syringe), and the solution was stirred 
for 4 h a t  25 "C. Then, via a glass tube containing a filter frit, the so- 
lution was transferred to a 25-mL. three-neck flask which was fitted 
with an addition funnel, condenser, nitrogen inlet, and magnetic 
stirrer. (The filtration effected here provides salt-free ylide and op- 
timizes the yield of ~ i s - a l k e n e . ~ ~ )  To the salt-free ylide solution u a s  
added I .5 g (7.7 mmol) of 9'-fluorenylacetaldehyde, prepared as  
above, in  I0 mL of ether. The solution was kept a t  reflux for I O  h; the 
green supernatant was then decanted, washed with 15 m L  of water, 
and dried over MgS04.  Filtration. removal of solvents, and G C  
analysis revealed the presence of olefins 7 and 8. The latter was the 
major component, and was preparatively collected. N M R :  6 I .50 (d, 
J = 4 Hz, 3 H, CH,), 2.50-3.00 (m,  2 H,  C H 2 j ,  3.90 (t.  J = 6 Hz. 1 
H, 9'-H), 5.23-5.53 (m,  2 H, vinylic), 7.07-8.00 (m,  aromatic). Calcd 
for C17Hl6: m/e 220.1252. Found: m/e 220,1254. 

2,2-Dimethylspiro[cyclopropane-1,9'-fluorene] (5) .  This material 
was prepared by photolysis of 9-DF in  isobutene at 0 "C (see below) 
and purified by GC.  NMR: 6 I .43 (s. 6 H ,  CH3's). I .72 (s. 2 H. CH?),  
7.00-7.40 and 7.57-7.87 (m's, 8 H,  aromatic). Calcd for C17H I h :  nile 
220.1252. Found: m/e 220.1268. 

trarans-2,3-Dimethylspiro[cyclopropane-1,9'-fluorene] (9). This 

CHz), 4.08 (t,  J = 7 Hz, 1 H, 9'-H), 4.85 (d. J = 8 Hz, 2 H,=CH2), 
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compound was prepared b y  photolysis o f  9-DF in trans-butene a t  0 
"C and was purified by GC. NMR: 6 1.40 ("d", J = 4 Hz,  CH3's) and 
1 SO-1.97 (m, cyclopropyl H's), 6.83-7.47 and 7.57-7.90 (m's, aro- 
matic). The aggregate integral areas were in a rat io  o f  1: 1 .  Calcd for 
C17H16: m/e 220.1252. Found: m/e 220.1221. 

cis-2,3-Dimethylspiro[cyclopropane-1,9'-fluorene] (10). This 
compound was prepared b y  photolysis o f  9-DF in cis-butene at 0 "C 
and was purif ied b y  GC. N M R :  6 1.33 ("d", J = 6 Hz ,  6 H, CH3's), 
1.70-2.27 (m, 2 H, cyclopropyl H's), 6.67-7.47 and 7.47-7.93 (m's, 
8 H, aromatic). Calcd for C17H16: m/e 220.1252. Found: m/e 
220.1279. 

Photolytic Procedures. In the general procedure, 50 m g  (0.26 
mmol) o f  9-DF was added to  15 mL of the appropriate o le f in  (con- 
taining 13%, by weight, of d i g l ~ m e ~ ~ )  in a 14 X 30 mm Pyrex tube. 
The  sample was then degassed using three freeze-thaw cycles (ni- 
trogen), and the sample tube was sealed under vacuum. The  samples 
were warmed t o  0 "C in the dark, shaken, and transferred to  a 
quartz-tailed Dewar flask which contained coolants at the appropriate 
temperatures (see below). 

Samples were irradiated by placing the ta i l  o f  the Dewar in the 
center of a Rayonet reactor f i t ted w i t h  16 300-nm lamps. Photolyses 
of olefinic solutions (0 ,  -77, and - 100 "C) were carr ied out  for 9 h. 
Irradiations o f  olefinic matrices (-160 and - 196 "C) were extended 
to  total times o f  24-32 h, but  the matrices were thawed (in the dark)  
for 15-20 min at -77 "C every 2.5 h in order to  homogenize them. 

A f te r  irradiat ion, samples were brought to  - 196 "C, the reaction 
tube was opened, and the samples were then permitted to  thaw at 0 
"C. A f te r  olef in had evaporated, the residue was taken up in 20 mL 
of ethyl ether containing 5% (by weight) o f  maleic anhydride. A f te r  
1 5  min, the ethereal solution was washed twice w i t h  20 mL of 10% 
aqueous KOH and once w i th  20 mL o f  water and then dr ied over 
CaC12. Fi l trat ion and removal o f  ether by rotary evaporation afforded 
a slurry o f  products derived f rom 1 and the olefinic substrate (liquid), 
and also ketazine15 and b i f l u ~ r e n y l i d e n e ~ ~  (both red solids). Appro-  
priate control experiments demonstrated that  removal o f  the ether 
under reduced pressure had not altered the relative ratios o f  1 + olefin 
products. The  f inal product slurry was di luted w i t h  a l i t t le  pentane 
and submitted t o  GC analysis. 

The identifies o f  a l l  volatile products were established b y  GC 
augmentation using authentic samples synthesized as described above. 
Fluorenone ketazine and bif luorenyl idene were identi f ied by TLC 
comparisons wi th  authentic corn pound^^^ on silica gel plates using 25:l 
hexane-ether as the developing solvent. 

Control Experiments. (a) Product mixtures were prepared f rom 
authentic materials, dissolved in the appropriate olefin- 13% diglyme 
solution, frozen a t  -196 "C, and irradiated for 24 h. Analysesof the 
mixtures before and after irradiat ion indicated that components were 
not interconverted. (b) The  cis- and trans-butene used in the 9-DF 
photolyses were analyzed before and after irradiat ion experiments 
by capillary GC (100-ft SF-96 Golay column, -50 "C); in each case, 
the alkene's pur i ty  was >99%. (c) A sample o f  9-DF in isobutene and 
diglyme was prepared and worked up immediately, including de- 
struct ion o f  the 9-DF w i t h  maleic anhydride. GC analysis indicated 
traces o f  fluorene and fluorenone, bu t  neither 3 nor 5 were present. 
This control implies that "carbene-olefin" products are produced only 
by the photolyt ic procedure and not adventitiously dur ing workup. 

Acknowledgments. We are indebted to the National Science 
Foundation and to the Public Health Service (Grant CA- 
14912 from the National Cancer Institute) for support of this 
research. We are grateful to Dr. D. Z. Denney for determining 
the I3C NMR spectra. 

References and Notes 
(1) R. W. Brandon, G. L. Closs, and C. A. Hutchison, Jr., J. Chem. Phys., 37, 

1878 (1962): A. M. Trozzolo, R .  W. Murray, and E. Wasserman, J. Am. 
Chem. SOC., 84, 4990 (1962): L. Barash, E. Wasserman, and W. A. Yager, 
ibid., 69, 3931 (1967); and R. E. Moser, J. M. Fritsch, and C. N. Matthews, 
Chem. Commun., 770 (1967). 

(2) C. A. Hutchison, Jr.. and G A. Pearson, J. Chem Phys., 47,520 (1967); 43, 
2545 119651. 

(3) A. d. 'Forrester and J. S. Sadd, J. Chem. SOC., Chem. Commun., 631 
(1976). 

(4) (a) G. L. Closs and B. E. Rabinow, J. Am. Chem. Soc., 98,8190 (1976); (b) 
G. L. Closs, Top. Stereochem., 3, 2241 (1968); (c) G. L. Closs in "Car- 
benes", Vol. 11, R .  A. Moss and M. Jones, Jr., Ed., Wiley, New York, N.Y., 
1975, pp 174-183. 

(5) M. Jones, Jr., andK. R. Rettig, J.  Am. Chem. SOC., 87,4013,4015(1965). 
The reactions of 1 with cis-butene, in the presence or absence of hexa- 

fluorobenzene. were carried out at 5 "C: Drivate communication from 
Professor Jones. 

J.  Am. Chem. Soc., 96,6451 (1974). 

19 (19581. 

(6) N. Shimizu and S. Nishida, J. Chem. SOC., Chem. Commun., 389 (1972); 

(7) W. Kirmse, L. Horner, and H. Hoffmann, Justus Liebigs Ann. Chem., 614, 

(8) J. E. Baldwin and A. H. Andrist, Chem. Commun., 1512 (1971). 
(9) For a brief review of fluorenylidene chemistry, see W. J. Baron, M. R. De- 

Camp, M. E. Hendrick, M. Jones, Jr., R. H. Levin, and M. B. Sohn, "Car- 
benes", Vol. I, M. Jones, Jr., and R .  A. Moss, Ed., Wiley. New York, N.Y., 
1973, pp 79-84. 

(IO) Reference 9, p 79. 
(11) R .  A. Moss and U.-H. Dolling, J. Am. Chem. Soc., 93, 954 (1971). 
(12) R. A. Moss and M. A. Joyce, J. Am. Chem. SOC., 99, 1262 (1977). 
(13) R. A. Moss and J. K. Huselton, J. Am. Chem. SOC., 100, 1314 (1978). 
(14) T. A. Baer and C. D. Gutsche, J. Am. Chem. Soc., 93, 5180 (1971). 
(15) S.4. Murahashi, I. Moritani, and T. Nagai, Bull. Chem. SOC. Jpn., 40, 1655 

(1967). 
(16) The origin of the trans-butenyl product, 7 (from the reaction of I and cis- 

butene), is uncertain, because the thermal isomerization of the intermediate 
cis-butenyl radical would be expected to be extremely slow at -196 O C .  

The matter is under further investigation. 
(1 7) See ref 1, Trozzolo et al. 
(18) H. D. Roth and M. L. Manion. J. Am. Chem. SOC., 98, 3392 (1976). 
(19) H. D. Roth and M. L. Manion, J. Am. Chem. SOC., 97, 6919 (1975). 
(20) Indeed. the rather high (-50%) triplet PO ulation participating in the ambient 

formed in the 0 " C  reactions of 1 can largely be attributed to a-r reactions 
of triplet 1. 

(21) See ref 9 and below. 
(22) cis-Butene t diphenylcarbene reactions behave similarly: G. L. Closs, L. 

E. Closs, and B. E. Rabinow, unpublished work; we thank Professor Closs 
for a summary of this work. 

(23) A matrix effect was noted, however, on the e uilibration of label in reactions 
of diphenylcarbene and [ l-'3C]lsobutene.8 

(24) (a) A similar conclusion may also hold for reactions of phenylmethylcarbene 
and isobutene, in which alkene formation first becomes detectably com- 
petitive with cyclopropanation at -120 0C.12 (b) A referee has questioned 
whether the reactions carried out in the matrices really occur while the 
reaction mixtures are frozen, or whether they are not instead occurring 
at the thawing stage. Inspection of Tables 1-111 and Figure 1 will show that 
there are very large differences in product distributions, in each case, 
between -196 O C  matrix reactions and -160 OC matrix reactions. If re- 
actions were not occurring in the -196 " C  matrices, it is very difficult to 
see why the product distributions should be so different from those obtained 
in -160 O C  matrices. One would expect very similar distributions from both 
matrices if the reactions actually occurred at the thaw temperature, be- 
cause this temperature would be the same for each matrix. In addition, the 
melting point of trans-butene is ca.-105 OC. Table Ill, however, shows 
large differences in product distributions between -160 " C  matrix reactions 
and -100 "C solution reactions. Were the -160 "C reactions not really 
occurring until the thawing temperature, the product distributions ought 
to have resembled the - 100 "C distributions. 

Not only are the foregoing differences between solution and matrix 
experiments apparent in reactions of 1 and butene olefins, but analogous 
differences have been observed for reactions of phenylcarbene,' phen- 
ylmethylcarbene,'2 and dipheny1~arbene.l~ In the latter case, not only were 
there product distribution differences between solution reactions (0, 
-77, -130 "C) and matrix reactions (-155, -196 "C) of diphenylcarbene 
and isobutene, but these distributions could be quantitativew fitted to a single 
Arrhenius relation, with good correlation (see above). The relation held 
over the entire range of solution and (both) matrix temperatures. Not only 
do these  experiment^'^ indicate the absence of a specific matrix effect 
on the temperature-dependent (Le., kinetic) competition which determines 
the ratio of abstraction-recombination to addition products in the diphen- 
ylcarbenelisobutene reaction, but they also demonstrate that the com- 
petitive reactions occur smoothly over the entire investigated temperature 
range, including the two lowest (matrix) temperatures. 

(25) This contrasts with the behavior of diphenylcarbene, where the intercon- 
version of singlet and triplet is rapid,4 and may be a consequence of a rather 
large energy difference between singlet and triplet 1. A recent INDO cal- 
culation gave (Es - ET) for l as 21 kcal/moi: J. Metcaife and E. A. Halevi, 
J .  Chem. SOC., Perkin Trans. 2, 634 (1977); the companion calculation for 
diphenylcarbene gave (Es - €7) = 4 kcal/mol, whereas the experimental 
value4 is 5 3  kcallmol. 

(26) For triplet diphenylcarbene and cis-butene, (a) (a,, - ebSm) - 870 cal/mol 

(27) Analysis of the comparable data for reactions of triplet 1 and trans-butene 
affords (E&, - e,,,,) - 480 cal/mol and AaddnlAabptn -2.7. These esti- 
mates are derived from "two-point'' Arrhenius relations, using the addi- 
tion/abstraction product ratios at 0 and -196 OC. 

(28) (a) M. J. S. Dewar and D. Landman, J, Am. Chem. SOC., 99, 6179 (1977); 
(b) P. P. Gaspar and G. S. Hammond in ref 4c, p 295 f f .  

(29) H. Tomioka, T. Inagaki, and Y. Izawa, J. Chem. SOC., Chem. Commun., 1023 
(1976). 

(30) H. Tomioka and Y. Izawa, J. Am. Chem. SOC., 99, 6128 (1977). 
(31) The total product yield attributable to triplet phenylcarbene (i.e., including 

toluene and bibenzyl) may be substituted here without altering the subse- 
quent analysis. 

(32) C. L. Arcus and R .  J. Mesley, J. Chem. Soc., 178 (1953). 
(33) A. Schonberg, W. I. Awad, and N. Latif, J. Chem. SOC., 1368 (1951). 
(34) J. G. Atkinson, M. H. Fisher, D. Horley, A. T. Morse, R. S. Stuart, and E. 

(35) Cf. H. 0. House, "Modern Synthetic Reactions", 2nd ed, W. A. Benjamin, 

(36) Digiyme was freshly distilled from CaH2 and passed through a column of 

temperature reactions of 1 with olefins2 P suggests that the fluorenylalkenes 

and (b) Aa,jdn/Aabstn -19.22 

Synnes, Can. J. Chem., 43, 1614 (1965). 

Menlo Park, Calif.. 1972, pp 704-706. 

activated alumina prior to IIW. 


