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DEE/2-MeTHF. 
These calculations provide us with two boundary models: (1) 

isolated dianions wherein the countercations are removed by 
solvation to the extent that the dianion does not "see" them at 
all (barrier 2.7 kcal/mol) and (2) an unsolvated, contact ion pair 
(barrier ca. 9-10 kcal/mol). We would expect the real solvated 
system to be somewhere in between those extremes. Thus, in­
creasing solvation of the cations should result in a decrease of the 
barrier in accord with the experimental results (see above). To 
provide additional support to this conclusion, we have recalculated 
the transition-state structure for rotation of dilithium 2 complex, 
while fixing the torsional angle at 64° and adding six molecules 
of water. The final energy of that system, serving as an ap­
proximate model for the solvated transition state, was only 3.6 
kcal/mol higher in energy than 2a<6H20. Even though the 
"corrected" value will be higher, it is still acceptably close to the 
experimental values. More importantly, these calculations dem­
onstrate that the transition state for rotation in l,2'-biindenide 
is more strongly stabilized by solvation than the minimum energy 
structure, providing a rationale for the NMR results indicating 
that increased cation solvation lowers the barrier for rotation in 
that system. 

Experimental Section 
1,2'-Biindene was synthesized from commercially available 1-indanone 

according to standard procedures.22 

2,2'-Biindene was synthesized according to an earlier published pro­
cedure.23 

The biindenide salts were prepared by addition of n-butyllithium (1.0 
M in hexane) to the corresponding biindene in etheral solution at -78 0C. 
The solid material was prepared in hexane solution with 1 equiv of 
TMEDA added. The crystals were filtered under an argon atmosphere 
and dried in vacuum. 

The solvents used in order of decreasing solvation ability were: 
THF/A',Ar,Ar',Ar'-tetramethylpyrimidinone (DMPU) or THF/DMEU; 

(22) (a) Bell, F.; Spanswick, J. /. Chem. Soc. 1966, 1887. (b) Kemp, W.; 
Spanswick, J. J. Chem. Soc. 1967, 2544. 

(23) Baierweck, P.; Simmross, U.; Mullen, K. Chem. Ber. 1988,121, 2195. 

THF; 2-MeTHF; and DEE. In some cases, a mixture of ethers was used 
to increase the solubility of the salt. The solid materials were isolated 
as TMEDA complexes. 

Solution NMR spectra were obtained on Bruker ACP 250 and AM 
500 spectrometers, using cyclohexane as internal reference and converted 
to the S scale using the 13C NMR chemical shift of cyclohexane, 27.7 
ppm. 

The assignment of the 1H NMR resonances of the dilithium l,2'-bi-
indenide was done by double-quantum filtered COSY in combination 
with NOE difference experiments. The 13C resonances were assigned by 
C,H-correlated methods. The nonprotonated carbons were assigned by 
the COLOC pulse sequence optimized for a coupling constant of 18 Hz. 

The phase-sensitive HOESY experiments2"1 were performed at room 
temperature using a mixing time of 2 s. 

Solid-state CP/MAS NMR spectra were obtained using a Bruker 
MSL 100 NMR spectrometer. The samples were rotated at 3 kHz, the 
repetition time was 2.5 s, and the contact time was 1 ms. The methylene 
carbon of adamantane was used as external reference at 38.3 ppm relative 
to TMS. 

The 13C CP/MAS spectra were assigned based on similarities to the 
shifts obtained in solution. Protonated and nonprotonated carbons were 
distinguished based on the differences in cross-polarization rates.24 

The activation parameters were derived from the NMR data accord­
ing to earlier described procedures.25 In the fast-exchange region the 
exchange rate was calculated according to k = TTbV1I(I(W - W0)); in 
the slow-exchange region the exchange was calculated according to k = 
T(W* - W0). 
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Abstract: Rate constants were measured by laser flash photolytic methods for hydrogen and carbon 1,2-migrations in four 
different alkylchlorocarbenes and in the analogous alkylfluorocarbenes. The carbenes, products, and rate constants (s"1) were 
as follows: phenoxymethylchlorocarbene to (Z)- and (£')-l-chloro-2-phenoxyethene (ZfE ~ 4/1), k = 3.6 X 107; phen-
oxymethylfluorocarbene to (Z)-l-fluoro-2-phenoxyethene (ZfE > 10/1), k = 1.3 X 107; neopentylchlorocarbene to (Z)- and 
(£)-l-tert-butyl-2-chloroethene (ZfE = 1/12), k = 1.4 X 107; neopentylfluorocarbene to (Z)- and (£)-l-tert-butyl-2-fluoroethene 
(ZfE = 1/2.5), k = 2.6 X 106; cyclobutylchlorocarbene to 1-chlorocyclopentene (C migration) and chloromethylenecyclobutane 
(H migration), kc = 4.6 X 107, kH = 2.1 X 107; cyclobutylfluorocarbene to 1-fluorocyclopentene (C migration) and fluoro-
methylenecyclobutane (H migration), kc = 1.8 X 106, kn = 5.3 X 105; cyclopropylchlorocarbene to 1-chlorocyclobutene, k 
= 9 X 105; cyclopropylfluorocarbene to 1-fluorocyclobutene, k = 1.4 X 105. Activation energies for several of these processes 
were in the range of 2-4 kcal/mol, with A ~ 108— 109 s"1. 

Hydride and carbon 1,2-shifts are fundamental intramolecular 
carbene reactions.1 The simultaneous availability of nanosecond 
laser flash photolytic (LFP) equipment, appropriate (diazirine) 

(1) (a) Kirmse, W. Carbene Chemistry, 2nd ed.; Academic Press: New 
York, 1971; Chapter 12. (b) Jones, M., Jr., Moss, R. A., Eds. Carbenes; 
Wiley: New York, 1973; Vol. I, Chapter 1. (c) Regitz, M., Ed. Methoden 
der Organischen Chemie (Houben-Weyl); G. Thieme Verlag: Stuttgart, 1989; 
Vol. E19b. 

precursors,2 and Platz's ylide kinetic methodology3 permits us to 
determine kinetic parameters for these processes. Although alkyl 
and dialkylcarbenes often rearrange too quickly for nanosecond 

(2) Liu, M. T. H., Ed. Chemistry of Diazirines; CRC Press: Boca Raton, 
FL, 1987. 

(3) Jackson, J. E.; Soundararajan, N.; Platz, M. S.; Liu, M. T. H. J. Am. 
Chem. Soc. 1988, 110, 5595. 
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studies,4 alkylchlorocarbenes, stabilized by the chlorine-carbene 
interaction, exhibit appropriate longevity, and their rearrangements 
have been intensively examined. 

Examples include H 1,2-migrations in methylchlorocarbene,5 

benzylchlorocarbene,6 and other alkylchlorocarbenes,7 as well as 
C 1,2-migrations in cyclopropylchlorocarbene,7,8 cyclobutyl-
chlorocarbene,9 and tert-butylchlorocarbene.10 The reported rate 
constants for H 1,2-migrations are in the 106-108-s~' range, with 
E3, < 2.4 kcal/mol (1-C3H7CCl) to ~5 kcal/mol (MeCCl).5b 

Corresponding data for C 1,2-migrations include k ~ (10s—5) 
X 107 s"1, with a low £a (~3 kcal/mol) for the ring expansion 
of cyclopropylchlorocarbene.815'1' Large negative activation en­
tropies are found to play major roles in these reactions.5b'8b'10 

The carbene 1,2-rearrangements have recently garnered much 
theoretical attention.12 Evenseck and Houk presented high-level 
ab initio calculated activation energies for the paradigmatic H 
1,2-migration CH3CX -* CH2=CHX, describing a strong de­
pendence of £a on X, with £a = 0.6, 11.5, 19, or 27 kcal/mol, 
when X = H, Cl, F, or OMe (//ww-Me-C-OMe), respectively.122 

Although the stabilizing and selectivity enhancing effects of the 
fluorine for chlorine substitution are precedented theoretically13 

and well-recognized in the intermolecular chemistry of CX2,
14 

comparable experimental results are absent for intramolecular 
carbene reactions. 

Here, we report the first rate constants and activation param­
eters for alkylfluorocarbene H and C 1,2-migrations. Comparisons 
with analogous alkylchlorocarbenes reveal appropriate struc­
ture/reactivity trends, but F/Cl substitutions in RCX afford 
significantly smaller changes in Ez than might have been expected, 
based on theoretical considerations.123 The disparity between 
calculated and experimental results is important and suggests that 
additional scrutiny must be directed at these seemingly simple 
rearrangements. 

Results and Discussion 
Products. We studied four pairs of alkylhalocarbenes, 1-4, 

where X = Cl or F. The carbene precursors were halodiazirines 
5. Chlorodiazirines, 5-Cl, were prepared by Graham oxidations 
of the corresponding alkylamidinium salts,15"18 whereas fluoro-
diazirines, 5-F, were provided by Bu4N+P exchange reactions19 

on ftro/nodiazirines, 5-Br; the latter were obtained by Graham 
oxidations with NaOBr.15 Nonvolatile diazirines were purified 
by silica gel chromatography (pentane eluent); volatile diazirines 
were extracted into decane and then distilled (0.5-1 mmHg) into 
pentane or other solvents. All diazirines 5-X (X = F, Cl, Br) 
exhibited appropriate UV spectra, with two to three absorptions 
in the 330-380-nm range.15 A table of these UV absorptions 

(4) Stevens, I. D. R.; Liu, M. T. H.; Soundararajan, N.; Paike, N. Tet­
rahedron Lett. 1989, 30, 481. Exceptions include dialkylcarbenes with unusual 
steric constraints. Cf.: White, W. R.; Platz, M. S.; Chen, N.; Jones, M., Jr. 
/ . Am. Chem. Soc. 1990, 112, 7794. Eaton, P. E.; Appell, R. B. Ibid. 1990, 
//2,4055. 

(5) (a) Liu, M. T. H.; Bonneau, R. J. Am. Chem. Soc. 1989, Ul, 6873. 
(b) LaViIIa, J.; Goodman, J. L. Ibid. 1989, 111, 6877. (c) LaViIIa, J.; 
Goodman, J. L. Tetrahedron Lett. 1990, 31, 5109. 

(6) (a) Jackson, J. E.; Soundararajan, N.; White, W.; Liu, M. T. H.; 
Bonneau, R.; Platz, M. S. J. Am. Chem. Soc. 1989, / / / , 6874. (b) Liu, M. 
T. H.; Bonneau, R. Ibid. 1990, 112, 3915. 

(7) Bonneau, R.; Liu, M. T. H.; Rayez, M. T. J. Am. Chem. Soc. 1989, 
Ul, 5973. 

(8) (a) Ho, G-J.; Krogh-Jespersen, K.: Moss, R. A.; Shen, S.; Sheridan, 
R. S.; Subramanian, R. J. Am. Chem. Soc. 1989, / / / , 6875. (b) Moss, R. 
A.; Ho, G-J.; Shen, S.; Krogh-Jespersen, K. Ibid. 1990,112, 1638. (c) Liu, 
M. T. H.; Bonneau, R. J. Phys. Chem. 1989, 93, 7298. 

(9) Moss, R. A.; Ho, G-J. Tetrahedron Lett. 1990, 31, 1225. 
(10) Moss, R. A.; Ho, G-J. J. Am. Chem. Soc. 1990, 112, 5642. 
(11) We prefer this value to that (7.4 kcal/mol) offered in ref 8c; see the 

discussion in ref 8b. 
(12) (a) Evenseck, J. D.; Houk, K. N. J. Phys. Chem. 1990, 94, 5518. (b) 

Evenseck, J. D.; Houk, K. N. J. Am. Chem. Soc. 1990,112, 9148. (c) Shevlin, 
P. B.; McKee, M. L. Ibid. 1989, / / / , 519. (d) Wang, B.; Deng, C. Tetra­
hedron 1988, 44, 7335. See ref 12a for earlier literature. 

(13) Rondan, N. G.; Houk, K. N.; Moss, R. A. J. Am. Chem. Soc. 1980, 
102, 1770. 

(14) Moss, R. A. Ace. Chem. Res. 1980, 13, 58. Moss, R. A. Ibid. 1989, 
22, 15. 

PhOCH2CX Me3CCH2CX /\-C—X 

1 2 3 

|>c-x RXM 
< 5 

appears in the Experimental Section, where other properties of 
the new fluorodiazirines are also described. 

Pentane or isooctane solutions of the diazirines (A340^350 ~ 1.0) 
were photolyzed at 20 0C with a 200-W focused Osram XE UV 
lamp (X > 320 nm) until the diazirines were destroyed. Carbenes 
1-4 thus generated afforded (Z)- and (E)-6 (from 1), (Z)- and 
(E)-I (from 2), 8 and 9 (from 3), and 10 (from 4). These were 
characterized by GC, 1H (and 19F) NMR spectroscopy, and 
elemental analysis or mass spectrometry (M+). 

PhOCH=CHX Me3CCH=CHX / j <Q>=CHX Q ] 

In the chlorocarbene series, the rearrangements of I,16 3,9 and 
4,8 their products, and distributions have been described. Carbene 
2-C1 gave the known20 alkene isomers 7-Cl, with a Z/E distribution 
of 1/12. The products derived from the fluorocarbenes were 
analogous to those of the corresponding alkylchlorocarbenes. Thus, 
H 1,2-shift in carbene 1-F gave >90% of (Z)-6-F,21 whereas the 
same process in neopentylfluorocarbene (2-F) gave (Z)- and (E)-I 
in a ratio of 1/2.5. Competitive C and H 1,2-rearrangements were 
observed with cyclobutylfluorocarbene (3-F), affording fluoro-
cyclopentene, 8-F,22 and fluoromethylenecyclobutane, 9-F, in a 
distribution of 3.4/1 at 23 0C. Only the ring expansion product, 
10-F, was obtained, in near quantitative yield, from cyclo-
propylfluorocarbene. Its NMR spectra were consistent with those 
of other fluorocyclobutenes.23 

It is important to be certain that the rearrangements of carbenes 
1-4 to products 6-10 under our reaction conditions are quantitative 
or nearly so, because the pyridine ylide kinetic method3 that we 
employ to determine the rate constants for these rearrangements 
(see below) actually affords rate constants that are sums of all 
those processes that "destroy" the carbenes in the absence of added 
pyridine. We therefore carefully examined NMR spectra and 
GC traces of the crude reaction products from the photolyses of 
the diazirine precursors. 

Importantly, there was no evidence of azine or carbene dimer 
formation in the reactions of carbenes 1-3. Azines and dimers 
are the usual unwanted side products of the intermolecular 
carbene-diazirine or carbene-carbene reactions that occur when 
the rates of carbene intramolecular rearrangements are too low 
(<106 s"1) and/or the concentrations of carbene or diazirine are 

(15) Graham, W. H. J. Am. Chem. Soc. 1965,87,4396. Chlorodiazirine 
precursors to 1-Cl,16 3-Cl,9,17 and 4-Cl8' were known. Neopentylamidinium 
chloride was prepared from neopentyl cyanide18 (HCl, EtOH, 25 0C, 15 days), 
affording 51% of the imino ester that gave 17% of the amidinium chloride (mp 
251-2 °C) after treatment with saturated NH3/EtOH, concentration, and 
precipitation with Et2O. 

(16) Tomioka, H.; Sugiura, T.; Masumoto, Y.; Izawa, Y.; Inagaki, S.; 
Iwase, K. Chem. Commun. 1986, 693. 

(17) Moss, R. A.; Fantina, M. E.; Munjal, R. C. Tetrahedron Lett. 1979, 
1277. 

(18) Stephenson, B.; Solladie, G.; Mosher, H. S. J. Am. Chem. Soc. 1972, 
94, 4184. 

(19) Moss, R. A.; Terpinski, J.; Cox, D. P.; Denney, D. Z.; Krogh-Jes­
persen, K. J. Am. Chem. Soc. 1985, 107, 2743. See; Moss, R. A. In Ref­
erence 2; Vol. I, p 99ff. 

(20) Prochazka, M.; Adamcova, J.; Palecek, M. Collect. Czech. Chem. 
Commun. 1980, 45, 1388. Miller, R. B.; McGarvey, G. J. Org. Chem. 1978, 
43, 4424. 

(21) NMR data for fluoroalkenes 6-10 are recorded in the Experimental 
Section, 

(22) Strobach, D. R.; Boswell, G. A., Jr. J. Org. Chem. 1971, 36, 818. 
(23) Newmark, R. A.; Apai, G. R.; Michael, R. O. J. Magn. Res. 1969, 

/,418. 
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too high. The absence of these products following the photolysis 
of pentane or isoctane solutions of the appropriate diazirine 
precursors (conditions described above) is suggestive evidence that 
the intramolecular rearrangements of carbenes 1-3 to products 
6-9 are effectively quantitative. 

Examinations of the crude product mixtures support this con­
clusion. Thus, NMR product studies of carbenes 1-Cl and 1-F 
showed only alkenes 6 as products (yields >90%). From 1-Cl, 
we obtained (Z)-6 and (£>6 (X = Cl) in a 4/1 ratio (lit.16 ratio 
81/19) based on intergration of the corresponding vinyl proton 
(=CHC1) doublets at 8 5.85 (Z isomer, J = 4 Hz) and 8 6.38 
(E isomer, 7 = 1 1 Hz). From 1-F, we obtained only (>90%) (Z)-6 
(X = F). The spectroscopic properties of this alkene (and the 
other new fluoroalkenes) are described in detail in the Experi­
mental Section. The preference for the Z-alkenes as products of 
the hydride 1,2-shifts of carbenes such as 1-Cl and 1-F has been 
discussed by Tomioka.16 

With carbene 2-Cl, only alkenes Z- and E-I (X = Cl) were 
observed by NMR in the crude photolysis product mixtures. Here, 
the EjZ ratio was 12:1 based on capillary GC or the corresponding 
Me3CC/?= vinyl signals at 8 5.67 (Z isomer, J = 8 Hz) and 8 
5.89 (E isomer, J = 13.7 Hz). The fluorocarbene analogue, 2-F, 
was produced by photolysis of the diazirine (A350 = 1.2) in CDCl3. 
Both 1H and 19F NMR revealed only products Z- and E-I (X = 
F), with an E/Z ratio of 2.5:1. The appropriate NMR signals 
are described in the Experimental Section. 

The conversions of chlorocarbenes 3-Cl and 4-Cl to chloro-
alkenes 8 and 9 (from 3) and 10 (from 4) have been discussed 
previously,8'9 but the analogous fluorocarbene reactions will be 
described here. The photolysis at 23 0C of cyclobutylfluoro-
diazirine (A356 = 1.4) in CDCl3 afforded only alkenes 8 and 9 
(X = F). The 8 (~C) to 9 (~H) ratio was 3.36, as determined 
by capillary GC on SE-30 at 0 0C, or 3.28 from integration of 
the appropriate vinyl proton signals (see the Experimental Section) 
in the NMR spectrum of the crude product. In the photolytic 
generation of 3-F in isooctane, the ratio of 8/9 varied with reaction 
temperature, ranging from 5.39 at -27 0C to 2.97 at 40 0C. This 
is discussed more fully below. Additionally, LFP studies of the 
formation of the pyridinium ylide derived from carbene 3-F and 
pyridine in pentane showed excellent first-order behavior for the 
growth of the ylide, indicating that competitive intermolecular 
carbene dimerization is unimportant under the LFP conditions. 

Finally, photolysis of cyclopropylfluorodiazirine (^358 = 0.97) 
in CDCl3 at 25 0 C gave a near quantitative yield (>90%) of 
1-fluorocyclobutene, identified by its NMR spectra (see the Ex­
perimental Section and ref 23). However, under LFP conditions, 
the divergence of the ylide growth from first-order behavior sig­
naled the probable intervention of competing carbene dimerization. 
The rearrangement of 4-F to 10-F is the slowest of all the in­
tramolecular reactions we consider here (see below), and it is 
expected to be most sensitive to intermolecular diversion at low 
[pyridine]. 

A series of LFP experiments in isooctane, carried out with 
decreasing concentrations of cyclopropylfluorodiazirine, indicated 
that the desired first-order ylide formation behavior could be 
obtained with A358 = 0.033 for the diazirine. A similar procedure 
to circumvent unwanted intermolecular carbene reactions has been 
employed with terf-butylchlorocarbene, where intramolecular 
reactions are also slow.10 No LFP evidence was observed for 
intermolecular complications in the reactions of carbenes 1-Cl, 
1-F, 2-Cl, or 2-F. 

Kinetics. Absolute rate constants were determined for the 
rearrangements of carbenes 1-4 (X = Cl, F) using the pyridine 
ylide method.3 LFP irradiation83 at ~20 0C of pentane or iso­
octane solutions of diazirines 5 (Ai4(Hi$0 was usually 0.5-1.0) in 
the presence of 0.1-3.0 mM pyridine24 gave rise, in each case, to 
ylides with X ~ 360-410 nm, Xn^x = 375-380 nm. The observed 
rate constants for transient growth were linear with [pyridine], 
affording k ~ 108-1010 M"1 s"1 for the generation of the various 
ylides. The y intercepts of these correlations, at [pyridine] = 0, 

(24) The pyridine concentration range was higher for 3-Cl; see ref 9. 

Figure 1. Pseudo-first-order rate constants (10~*fcf (s"
1)) for pyridinium 

ylide formation from carbene 2-F and pyridine vs [pyridine] (mM) in 
isooctane at 20.5 "C. The y intercept, kH for the rearrangement of 
carbene 2-F, is 2.57 X 106 s"1, and the second-order rate constant for 
pyridinium ylide formation, computed from the slope of the correlation 
(r = 0.995), is 2.09 X 109 M"1 s"1. 

Figure 2. Logarithms of the rate constants at temperatures between 
293.5 and 334 K for the rearrangement of carbene 4-F plotted vs 1/7" 
(K"1). The intercept, log A, is 8.26, and the activation energy, computed 
from the slope of the correlation (r = 0.992), is 4.2 kcal/mol. 

Table I. Temperature Dependence of the Reactions of Carbene 2-F" 
temp (K) 10"6Zt, (s"1)6 kt/k9

c 10"*itc (s"
1)"* 10"*^ (s"1)' 

246 
262 
278 
296 
313 

0.94 ± 0.06 
1.33 ±0 .03 
1.81 ±0 .08 
2.31 ± 0.05 
3.02 ± 0.02 

5.39 
5.01 
4.48 
3.36 
2.97 

0.79 
1.11 
1.48 
1.78 
2.26 

0.15 
0.221 
0.330 
0.530 
0.760 

"Reactions were carried out in isooctane solution. 'Total rate con­
stant for carbene rearrangement by LFP. Errors are uncertainties in 
the v intercepts of the least-squares linear correlations between fcf for 
ylide formation from 2-F and [pyridine]; see Figure 1 for an example 
of this type of correlation. c Product distributions of 8 and 9 deter­
mined by capillary GC on separate stationary photolytic runs. ''Rate 
constant for the rearrangement of 2-F to 8-F. 'Rate constant for the 
rearrangement of 2-F to 9-F. 

were taken as the rate constants for the carbene rearrangements.3 

An example of this methodology appears in Figure 1, where 
the observed pseudo-first-order rate constants for the formation 
of the pyridinium ylide derived from neopentylfluorocarbene (2-F) 
and pyridine are plotted against [pyridine]. The second-order rate 
constant for ylide formation, given by the slope of the least-squares 
linear correlation (r = 0.995), is (2.1 ± 0.2) X 109 M"1 s_1. The 
y intercept, (2.6 ± 0.1) X 106 s"1, is taken as the rate constant 
for the rearrangement of 2-F to (Z)- and (£)-7-F (see above). 

In the cases of carbenes 3-Cl and 3-F, the total rearrangement 
rate constants, determined by the ylide method, were partitioned 
into rate constants for C 1,2-shift (to 8) and H 1,2-shift (to 9) 
using product distribution ratios obtained by capillary GC analysis. 
This procedure has been described for carbene 3-Cl.9 Table I 
displays the analogous total rearrangement rate constants, product 
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Table II. Kinetics of Carbene Rearrangements" 

R (in RCX) 

PhOCH2 (1) 
PhOCH2 (1) 
Me3CCH2 (2) 
Me3CCH2 (2) 
C-C4H7 (3) 
C-C4H7 (3) 
C-C4H7 (3) 
C-C4H7 (3) 
C-C3H5 (4) 
C-C3H5 (4) 

X 

Cl 
F 
Cl 
F 
Cl 
Cl 
F 
F 
Cl 
F 

1,2 

1992 

rearr type 

H 
H 
H 
H 
C 
H 
C 
H 
C 
C 

10"«* (s-1)* 

36' 
13' 
14 
2.6 

46f 
21/ 

1.8* 
0.53* 
0.90* 
0.14* 

£ a (kcal/mol)c 

3.3 

2.3 
3.8 
3.0' 
4.2 

log A (S"1)* 

8.9 

8.0 
8.5 
8.2 
8.3 

Moss et al. 

AS' (eu) 

-19.8 

-23.9 
-21.6 
-22.9 
-22.5 

"See text for conditions. 'Estimated errors are ±15%. cEstimated errors are ±0.5 kcal/mol. 
^Reference 9 at 21 0C. *At 23 0C. * Reference 8a, by direct observation of 4-Cl. 'Reference 8b. 

''Estimated errors are ±5%. 'At -32 0C. 

distributions, and (dissected) C and H 1,2-shift rate constants for 
the rearrangements of carbene 3-F in isooctane at five different 
temperatures. We estimate the errors in the dissected rate con­
stants at 10-15%. 

In the cases of carbenes 2-F, 3-F, 4-Cl,8b and 4-F, activation 
parameters for the rearrangements were determined from rate 
constants measured at five different temperatures over a 40-60 
0C range. A typical example of the Arrhenius analysis, applied 
to the kinetic data for carbene 4-F, appears in Figure 2. Table 
II collects rearrangement rate constants, activation energies, 
preexponential factors, and (for convenience) the corresponding 
entropies of activation for all of the carbenes in the present study. 

The dependence of the rate constants on the structure of the 
carbenic R groups can be understood in conventional terms. Thus, 
the hydride shifts in PhOCH2CX (1) are very rapid, and pre­
sumably driven by the phenoxy substituent at the migration origin 
that mitigates the accumulation of positive charge at this center 
in the corresponding rearrangement transition state.25 

Hydride shifts in the oxahalocarbenes, 1, are therefore faster 
than comparable processes in either the neopentylhalocarbenes, 
2, or the cyclobutylhalocarbenes, 3.26 Also, as previously noted,9 

C 1,2-shifts are much faster in cyclobutylhalocarbenes 3-Cl and 
3-F than in the analogous cyclopropylhalocarbenes, 4, probably 
reflecting the anticipated greater stabilization of the latter. 

Most importantly, in each of the five Cl/F comparisons of Table 
II, the rate constants for H or C 1,2-shifts are greater for RCCl 
than RCF, in keeping with theoretical ideas.12" However, the 
differences in RCC1/RCF rate constants (factors ranging from 
~ 3 (H 1,2-shift in 1) to ~ 4 0 (H 1,2-shift in 3)) as well as the 
absolute (2-4 kcal/mol) and differential activation energies (~ 1-2 
kcal/mol) are considerably smaller than might have been ex­
pected, based on the calculated £a 's and the CH3CC1/CH3CF 
H 1,2-shift A£a of 7.5 kcal/mol.12a Some of the difference between 
experimental and calculated results must be due to the reduced 
absolute and differential activation energies for the RCX studied 
here, as opposed to (the calculated) CH3CX.21 

Moreover, we observe low preexponential factors (large negative 
entropies of activation) in the RCF rearrangements, just as in the 
rearrangements of MeCCl5b or 4-Cl.8b The importance of un­
favorable entropies of activation in these rearrangements may 
indicate divergence between the variational and conventional 
minimum energy reaction transition states,28 with possible con­
sequences for the agreement between experimental and calculated 
data. It is also conceivable that tunneling reduces the anticipated 
activation energies, particularly for H 1,2-migrations. Experi­
mental tests of this latter possibility are in progress. 

(25) Kirmse, W.; Buschoff, M. Chem. Ber. 1967, 100, 1491. 
(26) The hydride shifts in 3 are "slow" for a secondary alkyl-substituted 

carbene;9 the comparable rearrangements in i-PrCCl or (-PrCF are >108 s"15b'7 

or ~7 X 107 s_1 (our work), respectively. The slowdown could be due to a 
stabilizing interaction between the cyclobutyl C-C bonds and the carbenic p 
orbital." 

(27) This contribution should not be too large; the experimental £„ for H 
1,2-shift in CH3CCl itself is only ~ 5 kcal/mol,5b less than half of the cal­
culated128 value. 

(28) Blake, J. F.; Wierschke, S. G.; Jorgensen, W. L. J. Am. Chem. Soc. 
14(89, 111, 1919. Houk, K. N.; Rondan, N. G.; Mareda, J. Tetrahedron 1985, 
41, 1555. 

Table III. UV Absorptions (nm) of Alkylhalodiazirines" 

R in diazirine 5 

PhOCH2 

C-C4H7 

Me3CCH2 

C-C3H5 

Br 

334 
350 

348 
366 

346 
354 
362 
348 
358 
380 

X in diazirine 5 

Cl 

332 
348 

348 
366 

344 
354 
362 
348 
358 
380 

F 

318 
332 
348 
332 
348 
364 
330 
344 
362 
342 
358 
378 

"Hewlett-Packard Model 8451A spectrometer; isopentane or pen-
tane solutions. 

Experimental Section 
General Methods. NMR spectra were determined with a Varian 

XL-200 spectrometer operated at 200 MHz for protons and at 188 MHz 
for fluorine. Chemical shifts are reported (ppm) relative to Me4Si for 
1H and Cl3CF for " F nuclei, respectively. UV spectra were determined 
with a Hewlett-Packard Model 845IA spectrometer. LFP studies were 
carried out with our previously described installation.29 Preparative GC 
used Varian Models 90-P or 1700 instruments; capillary GC employed 
a Varian Model 3700 flame-ionization instrument. Mass spectra were 
determined with a Finnigan MAT 8230 instrument. Microanalyses were 
performed by Robertson Laboratory, Madison, NJ. 

Amidinium Salts. Amidinium salts in the cyclopropyl8a and cyclo­
butyl9,17 series are well-known. Neopentylamidinium chloride (Anal. C, 
H, N) is discussed above.15 Phenoxyacetamidinium chloride is not well 
described in the literature. Phenoxyacetonitrile30 (8.2 g, 62 mmol) was 
stirred in 50 mL of methanol with 0.10 g (1.8 mmol) of NaOMe at 25 
0C for 8 h, after which time NMR indicated that ~50% of the nitrile 
has been converted to the imino ester.31 Then, 3.4 g (64 mmol) of 
NH4Cl was added and the solution was stirred for an additional 2 h. The 
volume of the solution was reduced by evaporation to ~20 mL, 50 mL 
of ether was added, and the white precipitate was filtered. The 4.5 g 
(24.1 mmol) of dried phenoxyacetamidinium chloride, mp 100-103 0C, 
was obtained in 39% overall yield. 

Anal. Calcd. for C8HnN2OCl: C, 51.5; H, 5.94; N, 15.0. Found: 
C, 51.0; H, 6.15; N, 15.3. 

Bromodiazirines. AU bromodiazirines were prepared by the Graham 
oxidation15 of the appropriate amidinium salts using freshly prepared 
NaOBr solution. As an example, we describe the synthesis of 3-
bromo-3-cyclobutyldiazirine. Cyclobutylamidinium chloride17 (1.34 g, 
10 mmol) and LiBr (4.35 g, 50 mmol) were dissolved in 50 mL of 
DMSO, and 100 mL of pentane was added. To this stirred mixture was 
slowly added 100 mmol of NaOBr solution (prepared from 16 g of Br2 
and 8 g of NaOH in 100 mL of water) while the temperature was 
maintained at 30-35 0C. Stirring was continued for an additional 1 h 
after addition of the NaOBr, and then 100 mL of water was added. The 
pentane layer was separated, dried over CaCl2, reduced to ~20 mL by 
rotoevaporation at 25 0C, and then purified by passage through a small 
silica gel column, followed by additional elution with 100 mL of pentane. 

(29) Moss, R. A.; Shen, S.; Hadel, L. M.; Kmiecik-tawrynowicz, G.; 
Wlostowska, J.; Krogh-Jespersen, K. J. Am. Chem. Soc. 1987, 109, 4341. 

(30) McManus, J. M.; Herbst, R. M. /. Org. Chem. 1959, 24, 1464. 
(31) Schaefer, F. C; Peters, G. A. J. Org. Chem. 1961, 26, 412. 
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The UV spectrum of the cyclobutylbromodiazirine thus obtained is 
summarized in Table III, together with the spectra of all the other al-
kylhalodiazirines employed in the present study. 

Fluorodiazirines. The bromodiazirines were not further characterized 
but were immediately converted to the corresponding fluorodiazirines by 
exchange with tetra-«-butylammonium fluoride (TBAF)." The general 
procedure is as follows. To the pentane solution of 3-bromo-3-alkyl-
diazirine (above) was added 50 mL of DMF that had been dried over 4A 
molecular sieves. The pentane was then removed on the rotary evapo­
rator to afford a solution of bromodiazirine in DMF. Meanwhile, 10 g 
of TBAF-XH2O (Aldrich) was dehydrated. It was dissolved in 100 mL 
of 4/1 benzene/acetonitrile, and the solvent was stripped under vacuum 
(oil pump) on the rotary evaporator. This operation was repeated twice. 
Then 50 mL of dry DMF was added, followed by reduction of the DMF 
volume to ~ 30 mL. The TBAF/DMF solution was then mixed with the 
bromodiazirine/DMF solution, and the whole was stirred at 25 0C for 
20 h. 

Depending on its volatility, the fluorodiazirine product was isolated 
in one of two ways. For volatile fluorodiazirines (R = cyclopropyl, 
cyclobutyl) 50 mL of decane and 200 mL of brine was added to the DMF 
solution, followed by thorough mixing. The decane phase was separated, 
washed with 0.1 N HCl (2 X 50 mL), 0.1 N NaOH (2 X 50 mL), and 
brine (3 X 50 mL), and then dried over CaH2. The diazirine was then 
distilled (25 °C/0.5 mmHg) out of the decane into the desired solvent 
(e.g., pentane, isooctane, or CDCl3) which was cooled to 77 K. 

For heavier fluorodiazirines (R = neopentyl, phenoxymethyl), the 
fluorodiazirine/DMF product solution (see above) was partitioned be­
tween 300 mL of ice water and 100 mL of isopentane. The isopentane 
phase was separated, washed with water (3 X 100 mL), dried over CaCl2, 
and reduced to the desired volume. 

UV maxima of the fluorodiazirines appear in Table III. Proton NMR 
data for the 3-alkyl-3-fluorodiazirines follow. R = cyclopropyl (&, 
CDCl3): 0.40-0.50, 0.65-0.75 (m's, 2 H each, methylene protons); 
1.4-1.6 (m, 1 H, CH proton). R = cyclobutyl (CDCl3): 1.85, 1.95, and 
2.05 (m's, 2 H each, methylene protons); 2.90 (m, 1 H, CH proton). R 
= neopentyl (CDCl3): 1.08 (s, 9 H, Me3C); 1.71 (d, /HF = 17 Hz, 2 H, 
CH2). R = PhOCH2 (CD3CN): 4.49 (d, 7HF = 9 Hz, 2 H, CH2); 
6.8-7.5 (m, 5 H, phenyl). 

"F NMR spectra were obtained for three of the new diazirines. 
Chemical shifts (solvents as above, 5 relative to CFCl3): R = cyclopropyl, 
-140.2 ppm (s); R = neopentyl, -133.4 (t, JHF = 17 Hz); R = phen­
oxymethyl, -148.5 (t, JHF = 9 Hz). 

Chlorodiazirines. The cyclopropyl,8" cyclobutyl,917 and phenoxy­
methyl16 examples are known. All chlorodiazirines were prepared by 
Graham oxidation of the appropriate amidinium salts with "pool 
chlorine", an aqueous OCl" preparation that is ~ 12% in oxidant. The 
preparation of 3-chloro-3-neopentyldiazirine is presented as an example. 
A solution of 3 g (19.9 mmol) of neopentylamidinium chloride and 8 g 
(188 mmol) of LiCl in 150 mL of DMSO was placed in a 1-L, three-neck 
reaction flask that was fitted with a dropping funnel, a thermometer, and 
a mechanical stirrer. Pentane (100 mL) was added to the flask, stirring 
was initiated, and 100 mL of pool chlorine (saturated with NaCl) was 
then added via the dropping funnel at such a rate that the reaction 
temperature remained at ~30 0C during the addition. Stirring was 
continued for an additional 1 h after addition had been completed. The 
reaction solution was then diluted with 300 mL of cold water and 
transferred to a separatory funnel. The pentane phase was isolated, 
washed with water (3 X 200 mL), dried over CaCl2, and reduced in 
volume as desired. The UV spectrum of the diazirine appears in Table 
III. The NMR spectrum (CDCl3) showed singlets at 6 1.06 and 1.85 for 
the Me3C and CH2 protons, respectively. 

The more volatile cyclopropyl and cyclobutylchlorodiazirines were 
extracted into decane, rather than pentane, and treated as their fluoro­
diazirine analogues (see above). 

Products. Pentane, isooctane, or CDCl3 solutions of the chloro- or 
fluorodiazirines were irradiated at ~20 0C (X > 320 nm) with a 200-W 
focused Osram XE UV lamp until the diazirines were destroyed. The 

products were either isolated by GC on SE-30 and characterized spec-
troscopically, or, if very volatile, they were examined by NMR methods 
in situ. Products (Z)- and (E)-I-Cl, 8-Cl, 9-Cl, and 10-Cl have been 
described.8,9'20 Alkenes (Z)- and (£')-l-chloro-2-phenoxyethene16 showed 
S (DMSO-d6) (Z isomer) 5.85 (d, J = 4 Hz, ClCH=), 7.22 (d, J = 4 
Hz, PhOCH=), 7.05-7.45 (m, PhO), (E isomer) 6.38 (d, J = 11 Hz, 
ClCH=), 7.01 (d, J = 11 Hz, PhOCH=), and 7.05-7.45 (m, PhO). 

The analogous fluoroalkene products are new, and their NMR prop­
erties are described here with reference to formulas 6-10. 

PnQ F Me3C F Me3C H 

C=C C=C C=C 

(3-6 (2)-7 (£)-7 

(Z)-6: 1H NMR (DMSO-^6) vinyl protons, & 6.72 (dd, Jm = 75 Hz, 
/HH = 2.4 Hz, =CHF) and 6.54 (dd, 7HF = 26 Hz, JHii = 2.4 Hz, 
PhOCi/=); phenyl protons, 7.2-7.4 (m, 5 H); 19F NMR (DMSO-d6) 
155.8 ppm upfield from CCl3F (dd, Jm = 75, 26 Hz). 

(Z)-T. 1H NMR (CDCl3) vinyl protons, 6 6.23 (dd, Jm = 85 Hz, Jm 
= 5.4 Hz, =CHF) and 4.55 (dd, 7HF = 50 Hz, Jm = 6 Hz, 
Me3CCH=); Me3C was obscured by pentane; 19F NMR (CDCl3) 130.4 
ppm upfield from CCl3F (dd, 7HF = 85, 50 Hz). 

(E)-I: 1H NMR (CDCl3) vinyl protons, 6 6.46 (dd, Jm = 86 Hz, Jm 
= 11 Hz, =CHF) and 5.42 (dd, 7HF = 23 Hz, JHH = U Hz, 
Me3CCH=); Me3C was obscured by pentane; 19F NMR (CDCl3) 141.7 
ppm upfield from CCl3F (dd, Jm = 86, 23 Hz). 

8: 1H NMR (CDCl3) S 4.8-4.9 (m, 1 H, =CH), 1.9-2.2 (m's, 6 H, 
methylenes); 19F NMR (CDCl3) "singlet" 125.3 ppm unfield from 
CCl3F. The very small HF coupling has been previously noted.22 

9: 1H NMR (CDCl3) & 6.15 (dm, 7HF = 85 Hz, 1 H, =CHF), 
2.2-2.6 (m's, 6 H, methylenes); 19F NMR (CDCl3) 146.4 ppm upfield 
from CCl3F (d, Jm - 85 Hz). 

10: 1H NMR (CDCl3) & A.1A (d, / H F = 8.8 Hz, 1 H, =CH), 2.73 
("quintet", /HF ~ 3 Hz, 7HH ~ 3 Hz, 2 H, CH2CF), 1.98 (dm, / H F = 
16 Hz, / H H ~ 3, 1 Hz, CH1CH); 19F NMR (CDCl3) m at 84.5 ppm 
upfield from CCl3F. 

As further substantiation of the structures of the fluoroalkenes, we 
obtained GC-MS parent ions for (Z)-I and (E)-I (m/e 102, M+, each 
isomer), 8 and 9 (m/e 86, M+, each isomer), and 10 (m/e at 72, M+). 
An appropriate elemental analysis (C, H) was obtained for (Z)-6. 

The yields and purities of these products are discussed in detail in the 
Results and Discussion. The yields quoted for the reactions of carbenes 
3-Cl, 3-F, 4-Cl, and 4-F are absolute, relative to their diazirine precur­
sors, and were obtained by NMR integration vs CHCl3 or CH2Cl2 in­
ternal standards. For the rearrangements of carbenes 1-Cl, 1-F, 2-Cl, 
and 2-F yields are not absolute, but GC, 1H, and (where applicable) 19F 
NMR spectroscopy demonstrated the absence of any but the indicated 
products. In particular, NMR supplied no evidence for the formation 
of polymer, azine, or carbene dimers. 

Kinetics. Kinetic methodology and results are extensively described 
above, illustrated by Figures 1 and 2, and summarized in Tables I and 
II. 
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