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Alkoxychlorocarbenes (ROCCI, R benzyl, cyclohexyl, and 1-octyl) were generated from the corresponding
diazirines in acetonitrile, dichloroethane, benzene, cyclohexane, and pentane solution®Cata?d the
fragmentations of these carbenes were examined. Formation of RCI (and alkenes wheycR®hexyl or
1-octyl) occurred efficiently in all of the solvents. The rate constant for the fragmentation of J2ITIH
(determined by laser flash photolysis) wad(®® s, and relatively independent of solvent. Photolysis of
PhCHOC(N;)CI in Ar matrixes led to the carbene, Ph@BCCl, as well as its primary fragmentation products,
the benzyl and COCI radicals. A prominent product was also phenacyl chloride, ;RQCH, a formal

rearrangement product of the carbene. Computational studies of the rearrangements and fragmentations of

MeOCCI, EtOCCI, and PhCHDCCI at the DFT and coupled cluster levels afforded transition states and

energetics. These studies allowed us to identify several mechanistic pathways, including concerted and
homolytic processes that are predicted to prevail in nonpolar solvents and matrixes as opposed to heterolytic

(ionic) processes in polar solvents. The existence of cis and trans forms@ERCI, and their interconversion,
are complicating factors that were considered computationally.

In polar solvents such as acetonitrile, methanol, or 1,2- a mechanistic formulation of the fragmentation via ion [2if
dichloroethane (DCE), benzyloxychlorocarbehgfagmented The absolute rate constant of the fragmentation, measured by
to benzyl chloride, carbon monoxide, and solvent trapping
products (e.g., benzyl methyl ether in methanol); cf., égtl. +
PhCH, oO=C Cr

PhCH,O 25°C
N 2
STONN MeOH, MeCN

Cl
(hvor 4) laser flash photolysis (LFP) using either &%or time-resolved

infrared (TRIR) monitoring,gavekiag ~ 4.5 x 10° s (MeCN)
» and~ 1.8 x 10° s’ (DCE)>
In polar solvents, ionic fragmentation is fast enough such that
1 trapping of the carbene by MeOH is not competitive; no
carbene-methanol products are observetf
PhCH,Cl + PhCH,0OMe (1) However, we would not expect ionic fragmentation in
43% 57% nonpolar solvents. Indeed, in 0.9 M MeOH in pentane (as
opposed to MeOH in MeCN), up to 40% bfs trapped by the
is known thatbothcis and trans forms of MeOCCl and PhOCCI methanol affording benzyl alcohol, presumably by the sequence
are generated by diazirine photolysis in cryogenic matrixes, in eq 2, where traces of water and/or HCI hydrolyze the initially
and for purposes of interpretation and discussion it seems mostformed chloroacetald).>:” The yield of benzyl chloride is not
reasonable to assume that this is also the case for the photolytiaffected on going from acetonitrile to methanplentane as a
generation of PhCKHDCCI in ambient temperature solution as solvent, and 18% of benzyl methyl ether is also formed under
well. (In Ar matrixes, both cis and trans isomerslafre formed, these conditions.
see below.) The substantial trapping of carbetiein methanol/pentane
Stereochemical retention during the fragmentation of chiral raises the question of how alkoxychlorocarbenes fragment in
a-deuterio1,? as well as the persistence of 43% of benzyl hydrocarbon solvents because one would not expect ionic
chloride even when the reaction occurred in methanet] to fragmentations to proceed in such media. To address this
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PhCH, c
\O/ \CI 0.9 M MeOH
in pentane
OMe
PhCH c Hel PHCH,0OH
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\O/ \CI Hzo 40% (2)
3

question, we have to consider that carbdnean exist or be
generated in two conformations (configurationsjs-1 and
trans-1 whose fragmentation behavior may be quite diffefent.

o=q .
/ ‘\ ——
PhH,C----===-~ cl PhH,C Cl
&+ & cis-1
&+
PhHy P thC‘\
trans-1 ©! ¢ ©

Whereas in sufficiently polar solventsans-1 can cleave to
form an ion pair (separated by a molecule of C€¥-1 may
fragment via a tight ion pdror, in the limit, by aconcerted
process where the incipient benzyl cation and chloride anion
recombine to form benzyl chloride as CO is expelled. A
corresponding transition state (Figure 1) was located in a
previous computational study where the calculated activation
energy for the fragmentation of cisin a vacuum was found
to be only 6.7 kcal/mol? so that this fragmentation should
certainly occur at ambient temperature in pentane. Interestingly,
the activation energy dropped to 1.45 kcal/mol in acetonitfile,
which indicates that the transition state is much more polar than
the reactant carbene.

In the transition state of Figur&, r, is 3.35; a strong
benzykC (6™) and chloride § ) interaction clearly exists. The
fragmentation is advanced at the cationic center, where tfe C
separationrg) is 2.20 A and bond angles and 3 approach
120°.
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Figure 1. B3LYP/6-31G* transition state for the gas-phase fragmenta-
tion of cis1: r; = 2.200;r, = 3.349;r3 = 1.173;r, = 2.396 (all
distances in A)o. = 118.5; f = 120.3.

of 511, in polar solvents (MeCN, DCE). Here, we demonstrate
for the first time the persistence of efficient fragmentation in

<:>—o'c'<3| n-CgH7~OCCI

4 5

hydrocarbon solvents. Moreover, we extend studies of carbene
1 to Ar matrixes at 12 K, where we encounter reactive
intermediates not readily observed in solution at ambient
temperature. At the same time we extend the previous compu-
tational investigations on the fragmentations of oxychlorocar-
bened’ to provide a coherent framework for the interpretation
of the new experimental findings that are presented in this work.

Experimental Results and Discussion

Reactions and Products. Carbenesl, 4, and 5 were
generated by photolysis or thermolysis of 3-alkoxy-3-chlorodi-
azirines 6, which were prepared by hypochlorite oxidation
(Graham reactiod§ of isouronium salts7. The latter were

R N
<
N

6

+
Hy

ROCNH,, X
7

a, R=PhCH, a, R=PhCH,; X=0Ts or OMs
b, R=C'CBH11 b, R=C-CGH11; X=0OMs
¢, R=n-CgH,7 ¢, R=n-CgH,7; X=0OTf

synthesized from the appropriate alcohol, cyanamide, and strong
acid (HX) by previously described methob®s Except for

On the other hand, the attraction between the nascent chloridediazirine 6¢, these carbene precursors have been previously

anion and the benzyl cation is strongly attenuated by the
intervening CO molecule in the transition state for the frag-
mentation oftrans1 (see eq 3). However, according to SCI-
PCM calculationg? the fragmentation of to and PhCH", CO,

and Cr is slightly exothermic in acetonitrile (and, presumably
also in methanol), so that the development of solvated ions from
trans-1 is conceivable under these conditions and may indeed
account for the formation of PhGBMe in MeOH?

Due to lack of solvation for the developing ions, heterolytic
fragmentation ofrans-1in a vacuum (and, presumably, pentane)
is energetically prohibitive AEc.5c > 100 kcal/mol9), but
homolytic fragmentation AEcsc ~ 8.6 kcal/mol) to give the
benzyl radical and COCI (which itself loses CO quite easily)
may become competitive with other processes in nonpolar
solvents.

prepared and were characterized by their IR, UV, and NMR
spectral14 All diazirines were purified before use by short-
path chromatography over silica gel, with pentane elution. When
experiments required alternative solvents, pentane was removed
under reduced pressure and replaced by the solvent of choice.
Photolysis £ > 320 nm) or thermolysis of diazirine® were
carried out at 25C. Products were analyzed by GC and-GC
MS and confirmed by spiking comparisons with authentic
materials.

Benzyloxychlorocarbenel), The fragmentation of carbene
1 in MeCN led to benzyl chloride antl-benzylacetamide, a
“Ritter” product formed by the attack of the benzyl cation on
MeCN, followed by hydrolysis with adventitious watet.In
DCE, only benzyl chloride formed from the fragmentation of
1.5 These results, together with product distributions for the

In the present report we examine the fragmentations of severalfragmentations ofL in cyclohexane, benzene, and pentane,

representative alkoxychlorocarbenes in hydrocarbon solvents.

We consider benzyloxychlorocarberig, (cyclohexyloxychloro-
carbene 4), andn-octyloxychlorocarbenes in MeCN, DCE,
benzene, cyclohexane, or pentane.

Prior product and kinetics studies have appeared for the
fragmentations of*5 andn-butoxychlorocarbene (an analogue

appear in Table 1.

From Table 1, it is clear that quantitative or near quantitative
fragmentation to benzyl chloride and CO is the principal fate
of carbenel in MeCN, DCE, benzene, or pentane solutions at
ambient temperature. Only in cyclohexane is there substantial
side product formation. The cyclohexyl chloride and cyclohex-
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TABLE 1: Product Distributions (%) from Benzyloxy-

chlorocarbene (1} PhCH,
solvent methotl PhCHCI PhCHNHCOMe reference diazirine 6a PhCH
MeCN hy 63 37 4
DCE hv 100 5
benzene hy 100 C
cyclohexane  hv 8¢ c
pentane hy 94 c
pentane A 98 c
b
a All reactions at 25°C; the absorbance of diazirirga was 1.0 at “\/\/\Wr’\f\
Jmax. ® Decomposition method for the diazirin€This work.9 9% of W 0|
cyclohexyl chloride and 11% of cyclohexanol also forme8% of ) c
benzaldehyde and 2% of benzyl formate also forni@8s of benzal-
dehyde formed. carbene 1

SCHEME 1: Photolysis of Diazirine 6a in an Argon 250 800 350 400 450 nm
Matrix at 12 K Figure 2. Difference UV~vis spectra obtained in an Ar matrix at 12
K: (a) after irradiation of diazirin®a at 365 nm; (b) after subsequent

Néf‘ | co bleaching of the radical pair (PhGH-COCI) at >375 nm; (c) after
PhCH A ¢ PRCHCL + subsequent bleaching of carbehat 340 nm; (d) high-resolution (0.1
AN /C\Cl h nm) scan of the first band of benzyl radical, based on spectrum (a).
O K v
6 T>375 nm
a .
hv | PhCH P
365 nm / 2 0 cl 0
oo 9
PhCH c hv hv
2\O/ \CI Q nm >375 nm
1 LN
PhCHZTCI
8 o

PhCHoCI
anol may result from reaction pathways involving cyclohexyl i
and benzyl radicals. LEP56and matrix isolation experiments

(see below) do indeed indicate minor benzyl radical formation

(<10%) in the fragmentation df. Note, however, that the only coci
benzyl-containing product formed from carbehim cyclohex- v PhCHICO0! ¥ ‘
ane is the expected fragmentation product, Ps@Hwhereas v % joi

toluene (the H-abstraction product expected from benzyl radical)
is not observed.

In contrast, the most conspicuous product observed after 365
nm photolysis of diazirinda embedded in an Ar matrix at 12
K is the benzyl radical with its signpost optical bands at-400 . , , . , r , , .
450 and 286-320 nm (see traces a and d in Figure 2). However, ~ ° 80 1000 1200 140 1600 1800 2000  om’
a featureless absorption extending from 260 to 360 nm indicatesFigure 3. Difference IR spectra obtained in an Ar matrix at 12 K (a)

the presence of another species (cartinibat can be bleached after 365 nm irradiation of diazirin6a; (b) subsequent bleaching of

. . : the PhCH:---COCI radical pair at>375 nm; (c) bleaching of carbene
by >340 nm photolysis with the formation of more benzyl 1 at 340 nm. Inverted triangles denote IR bands of phenacyl chloride,

radical (Figure 2c). Finally>375 nm irradiation leads to 10ss  fjieq squares those of benzy! chioride, asterisks are for IR bands of
of the benzyl radical, which is accompanied by a partial recovery benzyl radical; (d) spectrum of a 75:25 mixturet@ins (open circles)
of the above 266360 nm UV band. These results are shown andcis-1 (filled circles) calculated by B3LYP/6-31G*.
in Scheme 1.

More detailed information is gained from the IR spectra calculated spectrum of a 75:25 mixture of theti- and syn
shown in Figure 3. The difference spectrum (a) for the 365 nm conformers, Figure 3d).
photolysis of6a very clearly shows the rise of the prominent By internal calibration experiments involving known quanti-
bands of CO (2143 cni), COCI (1870 cm?), and phenacyl ties of the stable products (CO, benzyl chloride, phenacyl
chloride 8 (1800-1820 cntl). On subsequent bleaching at chloride), we are able to quantitate the yields of all the species
>375 nm (difference spectrum b), the COCI peaks and severalobtained in the various photolyses using integrated IR band
bands that we attribute to the benzyl radi¢decrease, whereas  intensities (Table 2). From this it becomes evident that, despite
those of CO and phenacyl chloride increase (the latter very their prominence in the UV/vis spectra (Figure 2), the radical
weakly). In addition, a group of bands attributed to benzyl cleavage products, benzyl and COCI, are minor products of the
chloride (by comparison with an authentic sample) also gain in bleaching of diazirinééa. However, these products gain more
intensity. On subsequent 340 nm irradiation (difference spectrum prominence in the photolysis of carbehe
¢, which corresponds to the bleaching of the broad UV band) The occurrence of phenacyl chlori@®as a major product
the COCI and benzyl radical bands are partially recovered. Most constitutes the chief difference between the room temperature
of the IR peaks that decrease in this experiment can be attributedsolution experiments and those in Ar matrixes at 12 K. £FP
to the two conformers of benzyloxychlorocarbehécf., the TRIR experiments suggest the possible minor involvement of
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TABLE 2: Results of Photolyses in Ar Matrixes at 12 K TABLE 3: Product Distributions (%) from Cyclohexyloxy-
P chlorocarbene (4%
irradiation
reactant wavelength (nm)  perceht products solvent methotl  ¢c-CeH11Cl cylcohexene reference
diazirine6a 365 46+t 6 PhCH—COCI MeCN hy 62 3z 14
27+5 PhCH-CI+ CO DCE hy 70 30 14
2048 PhCH—OCCI benzene hw 53 36 e
7+2 PhCH* + COCF pentane hy 53 47 e
PhCH---:COCF >375 85+3 PhCH—-CI+ CO pentane A 43 57 e

) 1543 PhCH—COCI
PhchOCCI 340 53+5 PhCH—COCI
33+5 PhCH: + COCt

a All reactions at 25°C; the absorbance of diaziriréh was 1.0 at
Amax. ® Decomposition method for the diazirine6% of N-cyclohexyl-

14+2 PhCH-Cl+ CO acetamide also formed.11% of cyclohexyl dichloromethyl ether
diazirine6a (overall) 59 PhCh—COCI formed.© This work. 5% of an unidentified product was also present.
“ PhCH-CI+CO TABLE 4: Product Distributions (%) from n-Octyloxy-
2 Uncertainties arise mainly from the accuracy with which partial chlorocarbene (5}
pressures of CO, PhGBEI, and PhCH-COCI could be gauged in the rOct  nOct

calibration experiments. In the case of the carbene, overlapping bands g, et methotl 1-octene n-Oct-Cl 2-Oct-Cl formate OCHCh
caused additional difficulties. The quoted uncertainties are conservative

estimates. MeCN hy 37 25 10 13 15
benzene hv 30 19 5 2 29
. . . pentangé  hv 32 41 5 12
8 during the LFP of6a in cyclohexane. The formation & pentane A 39 55 6

could be rationalized as a recombination product of the radical o
pair [9---COCI] that is formed by homolytic scission df L AL 25 °C; the absorbance of diaziinec was 1.0 atmax
Interestingly, only 15% o8 is formed in the photochemical Decomposition method for the diazirinel5% of another component,

. . . . . . . possibly an azine, was presef@% of an unknown component was
bleaching of this radical pair; the main process is Cl abstraction present.
by 9 from COCI, a reaction that is exothermic by 57 kcal/mol.
Hence, any radicals that might be formed by homolytic cleavage provide some insight as to the mechanism of these reactions in
of 1in solution are likely to decay by this route. Alternatively, nonpolar solvents. We do not have an explanation for the
8 could arise by direct 1,2 migration of benzyl from oxygen to apparent dependence of the cyclohexyl chloride/cyclohexene
the carbene center, a mechanism that is perhaps operative inyistripution in pentane on the method of carbene generation

the bleaching ofl, which leads to over 50% o08. This (Table 3), but both products arise by carbene fragmentation.
mechanistic possibility will be examined by computational As will be shown below, isolated ethoxychlorocarbene is
means below. predicted to undergo concerted elimination of CO and HCI with

The general absence of phenacyl chloride (or products derivedAH* = ~20 kcal/mol and fragmentation withH * = ~26 kcal/
therefrom) in the solution LFP experiments is probably due to mgl.
the fact thatAHzgg for the dissociation of COCl is OnIy about n-Octy|Oxych|orocarben61_ Primary a|ky|oxych|orocarbenes
8 kcal/mol!8Hence, in contrast to the situation in a matrix at (RCH,OCCI, R = n-C4Hg or i-C4Hg) fragment in MeCN by
12 K, the lifetime of COCI at room temperature may be too pimolecular processes that involvgSattack of Ct at the
short to undergo efficient recombination with the benzyl radical -methylene carbon atom of the carbéhewe examined
to form 8. However, the Cl radicals that remain after dissociation carbene5 to determine if a MeCN to hydrocarbon solvent
of COCI can easily recombine withto form benzyl chloride  change impeded carbene fragmentation. The products obtained
or abstract hydl’ogen atoms from the solvent to form HCI, which from 5, as generated by the phot0|ysis of diazir8mn MeCN’
may explain some of the other products that are isolated in the gre shown in eq 4; product distributions appear in Table 4.
solution runs in cyclohexane (see Table 1).

Thus, the Ar matrix results suggest that benzyl chloride may

.+ MeCN
- _— po
form from 1 in pentane via different pathways, i.e., a concerted " CgH170CCI CeHigCH=CH, + CgHy7Cl + CgHisCHCICH, +

one fromcis-1, or a sequential one frotmans-1. Which pathway 5 10 1 12
dominates will depend on the relative activation energies for 9 (4)
the dissociation oftransl to 9 and COCI and for the CgH{7OCH + CgH;;OCHCl,
rotamerization tacis-1 (which will promptly decay to benzyl 13 14
chloride by “concerted” elimination of CO.

Cyclohexyloxychlorocarbend)( Fragmentation of carbene 1-Octene 10), n-octyl chloride (1), and 2-chlorooctan€elp)
4 in MeCN or DCE mainly produces cyclohexyl chloride and are fragmentation products of carbéhavhereas octyl formate
cyclohexene, which can be rationalized by cati@mion (13) and n-octyl dichloromethyl ether1{) represent carbene

recombination or “HCI” elimination bys-carbon-to-chloride trapping by water or HCI, respectively. The products are
proton transfer within an ion patf.Product distributions appear  analogous to those observed frawbutoxychlorocarbene in

in Table 3 for the fragmentations of carbehn MeCN, DCE, MeCN /! although we did not detect carbene dimer or azine

benzene, and pentane. (see below). In MeCN, fragmentation bfaccounts for~72%
Apart from the formation of 11% of cyclohexyldichloro- of the total product. FragmentatiodQ + 11 +12) decreases

methyl ether (the HCl-trapping product of carbed} in to 53% in benzene, where about 15% of azine appears to form

benzené&? carbene fragmentation is the dominant fate of this (on the basis of the MS fragmentation pattern of an additional
secalkoxychlorocarbene in the hydrocarbon solvents benzene product). In pentane, fragmentation accounts for 780% of

and pentane. Because ionic fragmentation is thermochemicallythe products, depending on the method of carbene generation.
impossible in these solvents (see computational part), coneerted Clearly, fragmentation is not inhibited by a solvent change from
or radical processes must account for the formation of the polar MeCN to nonpolar pentane, even though ionic fragmenta-
observed fragmentation products. The computational studies will tion should not occur in pentane.
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TABLE 5: Rate Constants (kiag, S*) for Fragmentations of 9x10° -
PhCH,0OCCI (1)2
method MeCNe DCE® benzen¢  pentané 8x10° 1
UV-—pyridine 3.6x10° 6.2x 100 50x10° e 7510°
TRIR 4.4x 1P 29x10° e 1.8x 10°
3 At 25 °C. Errors inkyag are 16-15%.° Monitoring method for the 6x10° A
LFP experiments; see textData from ref 59This work.€Not o
determined. & sx10
Kinetics.We determined rate constants for the fragmentations 4x10° 1

of carbened and5 in various solvents. For carbedgthe rate
constants were obtained by LFP, using both UV and TRIR
monitoring method8 LFP—UV studies were previously reported 2atg?

for carbenel in MeCN and DCE solvent® the most recent 00 01 02 03 04 05 06 07 08
values ofkiag are (3.6+ 0.45) x 10° s~ (MeCN) and (6.2+ )

0.2) x 10* s71 (DCE)> We repeated these measurements in [cn. m

benzene, using the pyridine ylide metfbdo derive kirag.*° Figure 4. Correlation ofkous (s™) for the formation of the pyridinium
Thus, LFP of diazirineéba (Agso = 1.0) with a xenon fluoride ~ Ylide from carbend and pyridine as a function of added BLCI (M)
excimer laseé? at 351 nm and 25C in benzene containing g]or?égtio’\:: é;’rif'fz"\xﬂel%i\ll\ﬂsﬁlgﬁfns at 28C. The slope of the
added pyridine produced an absorption at 412 nm due to ylide ' '

1523

3x10°

differ by a factor of 4.7 for DCE. This may be due to specific
PhCHzO\_ S solvent effects of the pyridine probe, although the dielectric
f—N\ /> constants of pyridine and DCE are very similar. Suffice it to
cl say that all theag values are near 2G1; the fragmentations
are fast and relatively independent of solvent, consistent with a
very low activation energy for fragmentation, even in pentane.

A correlation of the apparent rate constants for ylide formation W€ also measurelirg for n-octyloxychlorocarbenej in

15

(Kobs (1.2-2.5) x 10° s71) vs pyridine concentration (2.47 MeCN and benzene. The rate constant for the analogous
7.42 M) was linear (7 points, = 0.992) with a slope of 2.% fragmentation ofh-butyloxychlorocarbene in MeCN was previ-
10°F ML 571, which can be taken as the second-order rate OUSly determined as 1.75 10° s7* (Ea = 3.1 kcal/mol):!
constant for ylide formatiork,.2-24 The Y-intercept at [pyr}= However,kiag varied with added chloride, affordiniy = 8.2

0 was 5.5x 10F s'L, which represents the sum of the rate x 10°M~*s%, consistent with a “bimolecular” fragmentation

constants for all processes that destroy carliénghe absence  induced b}f |2 attack OI Ct at the carbene’si-carbon that
of pyridine. As indicated in Table 1, PhGEICCI quantitatively ~ @voids a “unimolecular” fragmentation via a primary alkyl

fragments to benzyl chloride in benzene, so thats.50P s1 cation; cf., eq 5%

is a good estimate dd;ag. Repetition of this determination led

to kiag = 4.5 x 1P s71, giving an average value &g = (5.0 7~ O\ v

+ 0.5) x 10° s71.25 Rate constants for the fragmentation of ~CI™ + RCHZ—\O;C—Cl ——> RCH)Cl + CO +Cr (5

carbenel appear in Table 5.

For comparison with previous determinations, we also ) o )
measuredkag for 1in DCE using the UV-pyridine monitoring Wlth the. UV—pyridine method, LFP studies of theﬁliragmen-
method. We obtainebiag = (6.2 & 0.3) x 10* 5L, The kirag tation of 5in MeCN gavekiag = (1.6 = 0.03) x 10° s* (and

measurement is in excellent agreement with the earlier valueky = (1.94 0.06) x 10° M™% s7), in excellent agreement with
[(6.2 + 0.2) x 10 5.5 In DCE, fragmentation of carberie the kinetic data for the fragmentation @BuOCCI in MeCN!

to benzyl chloride is quantitative; cf., Table 1. Measurlement Oftirag for carbenes in benz%?egflve (5x0.3)
We were unable to determinig,.g for 1 in pentane (or x 10° st andky = (2.5+ 0.04) x 1° M~ s™L
cyclohexane) by the LFPUV—pyridine method. The UV The bimolecular fragmentation mechanism of eq 5 was

absorption of ylidel5was very poor in these solvents and could Verified for the decomposition of carbesen MeCN. LFP of
not be exponentially fitted at lower [pyr]. Similar difficulties diazirine6c¢in MeCN solutions containing a constant concentra-
were encountered with carbedén both benzene and pentane. tion of pyridine (5.77 M) and varying quantities of tetna-
Accordingly, we used the LFPTRIR spectroscop to measure ~ butylammonium chloride (0.170.76 M) gave a linearr(=
kerag fOr carbenel in pentane. We monitored the time-dependent 0.995) correlation okqps for the formation of ylide vs [C1],
formation of CO at 2120 crt by TRIR during the fragmenta-  affordingk, = 1.2 x 10" M~*s7%; cf., Figure 4%’ This value is
tion of carbenel in pentane. Analysis of the growth of the CO in good agreement with the analogous rate constant for the
over 9us after the laser flash gave= 1.84 x 10° s'%; cf,, chloride-induced fragmentation afBuOCCI in MeCN (8.2x
Table 5. 1 M~tsTh) 1t

The TRIR-determined rate constants in Table 5 manifest small  The foregoing experiments support the contention that neither
differences that may reflect the decreasing solvent polarity from the product distribution nor the fragmentation rate constants are
MeCN to DCE to pentane. The Uhpyridine results, however,  greatly altered by solvent variation between MeCN, DCE,
are not in a parallel sequence. To avoid overinterpretation of benzene, and pentane. This is surprising in view of t%2
the data, we will not analyze small differences betwé&gg kcal/mol computed reduction of activation energy for the
values determined by different monitoring methods. The UV- fragmentation of PhCHDCCI in MeCN vs vacuum (and,
pyridine and TRIR rate constants agree very well for ACN but presumably pentane); see abdle.
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TABLE 6: Geometry Parameters? Relative Energies (kcal/mol), and Partial Charges of CHOCCI Isomers and Transition
States in the Gas Phase and in Simulated C4€N (SCI-PCM)

trans-carbene cis-carbene fragmentation ¥S cis—trans-isom TS rearrangementTS

gasphase CHN gasphase C N gasphase C¥ €N gasphase CHEN gasphase Ci€N
HsC—0O 1.453 A 1.466 A 1.468 A 1.478 A 2.185A 2.181A 1.446 A 1.470 A 1.796 A 1.918 A
o-C 1296 A 1.280A 1.278A 1.264A 1176 A 1160A  1289A 1.225A  1.246A 1.200A
c—Cl 1.809A 1.848A  1872A 1904A 2337A 2624A 1898A 2119A 1.946A 2213A
HsC--Cl 3.882 A 3.924 A 2.941 A 2.981A 2.795 A 2.968 A 3.513A 3.875A 3.326 A 3.490 A
H;C—0O—-C 114.9 115.9 129.r 130.2 122.8 129.6 125.6 146.8 74.8 77.°
O—-C—ClI 105.3 105.0 111.r 111.3 99.8 95.9 107.r 106.6 111.8 110.3
HsC—-O—-C-Cl 180.0 180.0° —-0.02 —-0.0r 0.? 0.22 95.7 105.6 114.1 105.0
B3LYP/6-31G* Oy o)y +0.93 +0.58 +37.26 +30.60 +18.11 +15.90 +40.46 +36.00
CCSD(T)/DZA 0) +1.06 +38.17 +20.89 +43.90
CCSD(T)/ITZ (0) +1.66 +42.26 +20.88 +43.14
ZPE (B3LYP) 29.28 29.12 29.22 29.12 26.07 25.87 28.47 28.10 27.36 26.79
O(Cl)f -0.087 —0.151 -0.133  -0.191 —-0.394  —0.656 -0.165 —0.425 —-0.246  —0.532
o(0CY —0.202 —0.241 —0.173 —0.160 —0.034 +0.025 —0.106 +0.094 —0.046 +0.019
O(CHg)f +0.289 +0.392 +0.306 +0.351 +0.428 +0.631 +0.271 +0.331 +0.292 +0.513

aFor structures see Figure 8TS for loss of CO and concomitant formation of 3. ¢ TS for concerted CEDCCI— CH;COCI rearrangement.
d Single-point calculation with Dunning’s cc-pVDZ basis set at the B3LYP geometry. Total eneédy2.40737 h¢ Single-point calculation with
Dunning’s cc-pVTZ basis set at the B3LYP geometry. Total energ§t2.63992 hf CHelpG charges for the indicated fragmenit$otal energy:
—613.34568 hh Total energy:—613.351974 h.

Computational Results and Discussion Ero

Previous Studies Several recent computational studies deal kcal mor”
with the thermochemistry and the kinetics of the fragmentation I CH,..0=C-Cl  CH+CO+CI
of oxychlorocarbene¥:128However, these studies focused on ~ 48[~ (concerted TS) - g fragmert-
alkoxychlorocarbene fragmentations in polar solvents where 40 = i
fragmentation is presumed to lead to ion pairs. The same cannot 35 m . I

happen in nonpolar solvents such as pentane or cyclohexane I
(benzene may stabilize ions throughdonor/acceptor interac- C;‘”CBCI
tions in certain cases). In view of the present experimental 25~ ;e
findings we set out to examine in more detail processes that 29 j —
may contribute to the decay of alkoxychlorocarbenes RCH 5
OCCI under conditions where solvation is ineffective, and to

30

isomeriz-
ation TS,

examine the changes that are then brought about by introducing 10
dielectric stabilization of the reacting species. 5
The previous studies have demonstrated that the activation | ;
barriers for the loss of CO fromis-carbenes (via transition states trans- cis-
such as the one depicted in Figure 1) depend strongly on the 7 CHsOCCI .
nature of R and the presence or absence of a polar solvent,-40 —
whereas the rotational barriers for interconversiortisf and -45 |- Hs
trans-carbenes are rather independent of these factors. 50 . '_
Methoxychlorocarbene.We started our investigation with ; I
methoxychlorocarbend,6, the smallest member of the series, 551 R
because it is amenable to very high-level calculations, which -60 % CHsCl + CO
allow us to assess the performance of the more economical .5 |- oy coc
B3LYP/6-31G* method that will be used subsequently. The I Methods:
results of this study are given in Table 6 and Figure 5 which — N - I
illustrate the fqllowing_scenario: thas_-andtransconformer_s_ BILYP/6-31G*  BALYP/6-31G" CCSD(T)loopVDZ  CCSD(T)ee-pVTZ
of 16 are predicted to interconvert prior to any decomposition. SCI-PCM /1B3LYP //B3LYP
The lowest energy dissociation pathway is straight homolytic Figure 5. Energies of CHOCCI and products of rearrangement and
cleavage of either conformer t&Hz + *COCI for which 18- fragmentation by different methods relative to th@ns-carbene.

22 kcal/mol are requiredt® K (zero-point energy differences

calculated by B3LYP included). Interestingly the B3YLP/6- CH3Cl whose gas-phas0 K activation energy varies between
31G* energy difference for this process is closer to that obtained ca. 34 (B3LYP) and 39 kcal/mol (CCSD(T)/cc-pVTZ at the
at the CCSD(T) level with the triplé-than at the same level B3LYP geometry ZPE differences included). It seems that

with a doubleé basis set. B3LYP/6-31G* underestimates the activation energy for this

Experimentally, the dissociation enthalpy*@fOCI is about process, a feature that we will have to keep in mind when we
8 kcal/mol® so this energy must be added to arriveGitls+ interpret the results of these calculations for larger molecules.
CO + °*Cl.?2° Due to the high ionization energy OfCHj, On going to acetonitrile, the barrier for this process is lowered

heterolytic dissociation df6is of course prohibitively expensive by ca. 6.7 kcal/mol at the B3LYP level, which is easily
in the gas phase, and although it is predicted to drop to 44.4 understandable in view of the high degree of charge separation
kcal/mol in MeCN, this process is not competitive with between the Ckand the COCI moieties that prevails at the
homolytic cleavage, even in this highly polar solvent. transition state (cf., Table 6). We were surprised to note by how

If more energy becomes available, the next process that comesnuch the predictions of the different methods varied with regard
to the fore is the concerted elimination of CO and formation of to the energy liberated in the formation of Me€l CO, and
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Erel
kcal mol’  CzHs...0=C-Cl
(concerted TS)
40 T
— fragmen-
3% CgHE;:': tation TS
30 T T elimina-
CHs oCCl /i tion TS
25 | co+Cl i %% isomeriz- A
20 |- S j— ation T
=)
; TS for cis-trans ] !
cis-16 isomerization trans-16 15 m
10 [ ;
: , - - . —
: @ -~ s cmgocel
L a 20 (-
Ckgmo o
. TS for concerted 30 - " CzHy
Tstéo’\r/lg(a:glgrfgt)ahon rearrangement 35 - Co+Hal
to Me-COCI
i i i -40 - p—
Figure 6. Structures of CHOCCI and corresponding species. :

-45 —
also how much this result depends on the basis set in the -50 ’
CCSD(T) calculations (cf., Table 6). Conversely, solvation by 55 R : S S
MeCN does not affect the exothermicity of this process very |- et CaHsCl + CO
much. C2HsCOCI Methods:

We were also interested in the possibility of a concerted —_— s =
. ; . 3G+ B3LYP/6-31GY  CCSD(T)lcc-pVDZ
process leading frorh6 to the much more stable isomeric acetyl B3LYP/B-31G" (s i MeGN B3l Yp

chloride (a process that amounts to a 1,2@methyl shift). Figure 7. Energies of CRCH,OCCI and products of rearrangement

Despite the strong exothermicity of this process, the corre- 5nq fragmentation by different methods relative to tams-carbene.
sponding transition state was found to lie-IB! kcal/mol above

the dissociation limit ofLl6 on a 0 Kenthalpy scale. Again, we

note that the B3LYP results are closer to those obtained at the7. The energy difference between the cis and trans conformers
CCSD(T) level with the triplez than with the doubl€- basis does not differ much from the values found for §BHCCI,

set. However, all methods agree in predicting that the formation whereas the presence of the additional methylene group lowers
of alkanoyl chlorides from alkoxychlorocarbenes requires dis- the 0 K barrier for their interconversion by about 1.3 kcal/mol.
sociation and recombination, even in polar solvents where the In contrast, the activation barrier for concerted elimination of
transition state for the concerted rearrangement is strongly CO and formation of RCI decreases by 48 kcal/mol,
stabilized due to the strong charge separation that also prevailsalthough it is still higher than the barrier for cis- trans

in this geometry (cf., Figure 6) isomerization.

In the case of MeOCCI and its products, all structures were  Most importantly, in our search for the transition state for
fully reoptimized with B3LYP in MeCN, using the SCI-PCM  the fragmentation process, we found another saddle point that
method, for which gradients are available. As can be seen fromwas shown by IRC calculations to be connected adiabatically
Table 6, the geometries of most equilibrium structures did not to ethene, CO, and HCI on the product side, and to a different
change very much on solvation, whereas those of the transitioncis-conformer of17 on the reactant side (see Figure 8 for
states are more strongly affected. The main change is invariablypictorial representations of the relevant geometries). The activa-
a lengthening of the €CI bond, which attains nearly 0.3 Ain  tion energy for this concerted elimination of CO and HCI was
the (very polar) fragmentation transition state. The reason for found to be 6-7 kcal/mol lower than that for fragmentation to
this is that the partial negative charge on Cl increases from 0.25CO + C,HsCl so the two processes are likely to be competitive,
to 0.53 on going from the gas phase to MeCN, which results in in accord with the experimental findings for the two alkoxy-
the observed 7 kcal/mol differential stabilization of the transition chlorocarbened and5, given the differing substitution patterns.
state. A similar increase in the polarity of the transition state  The energy for homolytic dissociation to R *COCl is also
for cis—trans isomerization (charge on CI goes frorD.165 slightly lowered by the additional methyl group 7, so that
to —0.425) leads to a similar effect, and a significant stabilization this process is again predicted to be competitive with the
of the transition state by solvation. Notable also is the finding concerted eliminations described above. Different methods of
that the nonbonded 4&---Cl distance decreases significantly calculations differ in the ordering of the energies for the three
on going from thecis-carbene to the transition state for loss of transition states: B3LYP/6-31G* predicts elimination of CO
CO in the gas phase, whereas in MeCN it remains almost the+ HCI to be favored by 3.6 kcal/mol over homolytic cleavage
same. Thus, in solution, the tendency for the Cl atom to bond and by 5.8 kcal/mol over fragmentation to C® C;HsCl,

to the carbon center is attenuated. whereas CCSD(T) calculations favor homolytic cleavage by 3
Ethoxychlorocarbene.The finding that olefins are prominent  kcal/mol over elimination of CG+ HCI. The same may also
products after decomposition of diazirin@ls and6c led us to be true for the 1-octyl and cyclohexyl sytems investigated

investigate possible pathways that would account for their experimentally, so that HCI might also arise by abstraction of
formation. As a model system we chose ethoxychlorocarbene,a H atomg to the alkyl radical center by a Cl radical in nonpolar
17 (CH3CH,OCCI), whose potential surface is depicted sche- solvents, although we find no product evidence for extensive
matically in Figure 7, on the basis of the data presented in Tableradical chain processes.
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TABLE 7: Geometry Parameters? Energies (kcal/mol), and Partial Charges of GHsOCCI Isomers and Transition States

trans-carbene cis-carbene fragmentation TS cis—trans-isom TS  elimination TS rearrangement TS
CH,—O 1.469 A 1.487 A 2.278 A 1.467 A 1.976 A 1.884 A
o-C 1.293A 1.274 A 1.169 A 1.284 A 1.182 A 1.230A
c—Cl 1.815 A 1.882 A 2.459 A 1.912 A 2.392A 2.018 A
CH---Cl 3.902 A 2.968 A 3.003 A 3.543A 3.694 A 3.337A
H.C—0-C 114.89 129.84 124.82 126.1F 138.19 77.06
CH;—CH»-O-C —112.32 180.00 —93.00 168.96 18.58 —96.45
O—-C—Cl 105.38 111.10 101.3F 107.1r 112.5F 111.33
CH,—O—-C-ClI 179.20 0.0 —2.95 96.17 10.36 —105.6F
B3LYP/6-31G* (Of 1.02 30.00 17.91 22.63 38.53
B3LYP/6-31G*/SCHPCM (0 0.71 19.75 16.41 15.57 33.89
CCSD(T)/cc-pvD2 oy 1.20 34.37 20.94 27.93 42.59
ZPE (B3LYP) 47.24 47.08 43.67 46.34 43.94 44.97
o(Cly —0.098/-0.177 —0.156/0.183 —0.497/0.633  —0.186/0.232 —0.458(0.593 —0.332/-0.415
o(OCy —0.214/-0.176 —0.186/0.197 —0.046/-0.059  —0.079+~0.074 —0.024/-0.027 —0.048(-0.056
O(CHy) +0.376/0.401 +0.472#0.507 +0.413#0.577  +0.31440.434 +0.33140.456 +0.244/+0.315

a For structures see Figure 'BTransition state for loss of CO and concomitant formation of EtCtansition state for simultaneous loss of CO
+ HCI, formation of ethylened Transition state for concerted Et-OCEt Et-COCI rearrangement.Single point at B3LYP/6-31G* geometry.
fTotal energy:—652.666125 h9 Total energy:—652.672248 h" Total energy:—651.611325 hi CHelpG charge on the fragments (in vadoo/

acetonitrilg).

TS for cis-trans

TS for concerted

: AN cis-17 rearrangement
isomerization to Et-COCI
cis17 TS for elimination TS for fragmentation

to EtCl + CO

of CO + HCI
Figure 8. Structures of CHCH,OCCI and corresponding species.

Due to homoconjugative stabilization of the incipient car- Benzyloxychlorocarbene.Finally, we repeated the above
bonium ion, the added methyl group assists the process ofcalculations for PhCROCCI (1), which stands at the focus of
heterolytic cleavage to give'/RCO, and Ct 3 even more than  the present experimental investigation, and for which the greatest
the above homolytic cleavage, although the energy for formation amount of experimental data are available. This study revealed
of ions remains prohibitively high in the gas phase. However, some interesting new features that are highlighted in Figures 9
in acetonitrile, the energy of this assemblage of ions relative to (on the basis of the data in Table 8) and 10. Unsurprisingly,
the transcarbene falls to 22 kcal/mol, so that heterolytic the benzyl substituent leads to a substantial stabilization of the
cleavage may indeed become competitive with homolytic products of both homolytic and heterolytic ROCCI fragmenta-
fragmentation in acetonitrile even for primary alkoxychloro- tion. In fact, the latter process is even predicted to be slightly
carbenes. However, because the barriers for the concertecexothermic in acetonitrile (in DCJE it is calculated to be
processes described above are also lowered significantly byendothermic by 6.8 kcal/mol), thus supporting the idea that the
solvation (see hashed bars in Figure 7), these processes are stiformation of ions is likely an important process in polar
predicted to dominate, even in MeCN, at leastlif solvents? although the pyridine ylide carbene-trapping experi-

Hence thetrans-carbene would rather isomerize to tbis- ments indicate that heterolytic cleavage cannot be activationless,
carbene than to undergo fragmentation and ¢rsecarbene even in acetonitrile.
prefers concerted loss of C® HCI over elimination of CO The activation barrier for cis~> trans isomerizaton of the
alone, both in the gas phase and in polar solvents. Thus ourcarbene remains essentially unaffected by the benzyl substituent.
calculations predict a change of mechanism on going from In contrast, the barrier for loss of CO decreases to ca. 7 (B3LYP)
nonpolar solvents where the two conformers of the alkoxy- or 15 kcal/mol (CCSD(T)), respectively, whereas single point
chlorocarbene interconvert prior to any fragmentation to polar SCI-PCM calculations in MeCN at the B3LYP gas-phase
solvents where these processes are at least competitive. As igeometry of the transition state even place this 2.4 kcal/mol
the case ofl6, formation of propanoyl chloride (EtCOCI) belowthe startingcis-carbené! This implies that the transition
requires homolytic cleavage and recombination of the fragments, state for loss of CO lies much earlier on the reaction coordinate
because the transition state for concerted rearrangement liesn the presence of MeCN; i.e., the gas-phase geometry of that
significantly higher than the dissociation limit. transition state represents a point well beyond the transition state
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TABLE 8: Important Geometry Parameters,2 Energies (kcal/mol), and Partial Charges of PhCHOCCI, 1, Isomers and
Transition States for Fragmentation and Isomerization

trans-carbene C,) cis-carbene Cy) isomerization TS(C;) fragmentation TS(C,)
H,C—O 1.481A 1.510 A 1.486 A 2.204 A
Oo-C 1.292 A 1.270 A 1.281 A 1.173A
c-cl 1.815A 1.890 A 1.923 A 2.397 A
H.C...Cl 3.911 A 2.975 A 3.558 A 3.350 A
H.C—0-C 114.52 129.33 125.03 127.03
CsHs—C—CH,—0O 110.20 108.1T 109.05 107.08
O—-C—ClI 105.43 111.40 107.15 109.83
H,C—-O-C-ClI 179.27 0.00 96.46 0.58
C—CH,—0—-C —-109.23 180.0 167.66 94.64
B3LYP/6-31G* (oy 0.78 17.96 9.34
B3LYP/SCI-PCM! ©) —0.13 16.57 —0.20
MP2/6-31G*e (0) 2.26 22.53 18.89
CCSD(T)/cc-pVDZ (0) 1.35 21.46 17.39
ZPE 80.52 80.21 79.51 78.35
o(Chyn —0.110~0.139 —0.168/0.259 —0.200~-0.244 —0.510+0.668
o(ocy —0.180+0.181 —0.175/0.131 —0.103/0.105 —0.048+0.084
O(CHp)" +0.3174-0.340 +0.431#-0.416 +0.3294-0.378 +0.198/-0.282

aFor structures see Figure 10TS for loss of CO and concomitant formation of PhCH ¢ TS for cis— trans isomerizatiorf Single point
calculation at gas-phase B3LYP geometry, Total energytrimms-1: —844.406137 h¢ At MP2/6-31G* optimized geometries, total energy for
trans-1: —842.589978 h' Single point calculation at B3LYP geometry, total energytfans-1: —842.809607 hy Total energy:—844.399623 h.
h CHelpG charges for the fragments (in vadndZHs;CN).

Erel subtle changes on going from ground to transition states cannot
keal mol”" be modeled accurately by either of the procedures at our
4 disposition.
o5 L Phi':H2 v isomeriz- In any event, all methods agree in predicting thattthes-
CO+Cl ation TS fragmen- carbene would rather undergo cleavage to benzyCOCI
20 e . — “ tation TS (homolytic in nonpolar, heterolytic in polar solveffisthan to
15 ' ' i = isomerize to thecis-carbene, whereas the latter conformer is
10 — oo depleted by loss of CO in a process that will have a very small
i activation barrier in polar solvents.
N In a next step we investigated the fateai$-1 after it has
0 T @m crossed the transition state for loss of CO. In the cases of the
5 s PhCH,08CI o methyl and ethyl derivatives, discussed above, IRC calculations
10 i " had indicated that the decay leads directly to the corresponding
alkyl chlorides. In the case df, the situation turned out to be
5 more complicated in that the IRC procedure (which amounts
_401 to an infinitely damped decay along the bottom of a potential
sl valley leading from a transition state to a product) led to a
; | structure, slightly below the transition state, where the Cl atom
-50 = ’ has moved into the plane of the benzyl moiety, bonded to two
-55 LI— hydrogens, as indicated in Figure 10. At this point the CO had
60 | = .PRCHCI withdrawn so far from the PhCi+-Cl complex that gradients
PhCH,COCI Methods: co became too small for the IRC procedure to continue.
— S —_ Removal of the CO and reoptimization of the remaining
B3LYP/6-31G*  BALYP/6-31G* CCSD(T)lce-pVDZ complex led to a stationary point that turned out to be a transition
SCI-PCM in MeCN //B3LYP

state in the gas phase that decays spontaneously to benzyl
Figure 9. Energies of PhCKDCCI and products of rearrangement and  chloride upon the slightest twisting of the benzylic £gtoup
fragmentation by different methods relative to thens-carbene. or displacement of the CI atom out of the plane. This complex
in MeCN, which may explain why it lies belowis-1 in that shows an unusually high degree of charge separation (Chelpg
solvent. Clearly, the geometry of this very polar (and in MeCN charge 0f=0.67 on Cl), which indicates a strong ion-pair nature,
even more polar) transition state will be quite strongly affected even in the gas phase. However, in the isolated species, this
by the presence of the solvent. Because we were unable to locatéeature turned out to be artifactual and due to the imposed
the transition state in acetonitrile, we cannot provide a prediction constraint of a closed-shell wave function. When this constraint
for the activation barrier for the elimination of CO in this was removed, the energy dropped by 1.5 kcal/mol and the
solvent. However, we were able to confirm that the startisg species adopted partial triplet charact&((increased to a value
carbene still represents a minimum on the B3LYP/SCI-PCM of 0.37) and the charge on Cl fell t60.50. Concomitantly, a
potential energy surface, so that this species is expected to haveregative spin of 0.33 appeared on the Cl atom, balanced by a
a finite lifetime even in polar solvents. positive spin of the same magnitude in thesystem of the

We have no explanation for the substantial discrepancy of benzyl moiety. These results indicate that the above complex
the predictions made by the B3LYP and the CCSD(T) methods has a high biradical character and that the lowest triplet and
for the activation energies of this process. Apparently, the closed-shell singlet surfaces are in very close proxirfity.
presence of the benzyl groupissystem increases the contri- A polar solvent can of course again change the situation.
bution of dynamic electron correlation to the point where its Indeed, reoptimization of the above complex in acetonitrile by
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Figure 10. Structures of PhCHDCCI and resulting species.

B3LYP/SCI-PCM led to a potential energy minimum where the give alkyl chlorides requires ca. 6 kcal/mol more activation
charge on Cl had increased to 0.90. We have not been able tcenergy. At room temperature the COCI radicals formed by
find a transition state for the decay of this species to benzyl homolytic cleavage will rapidly dissociate to COCI* (AH =
chloride, but our calculations seem to indicate that a tight 8 kcal/mol, AG close to zerdf and recombination of the ClI
benzyk-chloride ion pair may indeed have a fleeting existence with the alkyl radical will also lead to alkyl chlorides. Thus,
in polar solvents (note that this species lies about 8 kcal/mol the main products expected from fragmentation of alkoxy-
below the separated ions in acetonitrile, ca. 4 kcal/mol in chlorocarbenes in nonpolar solvents are alkyl chlorides and
dichloroethane), in contrast to nonpolar solvents where the alkenes, in accord with experiment.
corresponding biradicaloid does not represent a minimum on  In polar solvents the two fragmentation transition states for
the potential surface. CH30CCI and GHsOCCI are stablized to the point where<€is

Al efforts to locate the transition state for concerted rear- trans isomerization, loss of CO, and concerted loss oftCCl
ragement ofl to 8 failed, because in the presence of the phenyl all have similar activation energies. Our calculations yield no
substituent the degree of negative charge that accumulated orindication that ion pairs intervene in these two fragmentation
the COCI moiety near this transition state was high enough to processes; i.e., loss of CO leads directly to alkyl chlorides. In
provoke spontaneous loss of Cl from that fragn@r(in the acetonitrile, heterolytic cleavage becomes about 4 kcal/mol more
gas phase collapse to benzyl chlorileCO ensued.) However,  favorable than homolytic cleavage but still requires8kcal/
the fact that the activation barrier for concerted formation of mol more energy than the above concerted processes (if
RCOCI barely changed on going from @BICCI to GHsOCCI heterolysis is an activated reaction, it is even more strongly
indicates that its energy relative fiois not very sensitive to  disfavored compared to the other processes). In less polar
substitution, from which we conclude that, if it exists, it must solvents, such as dichloroethane, heterolytic cleavage is probably

also lie well above the dissociation limit in the caseloHence, not competitive. Note Fhat the COCI a_nion dissociates spontane-
formation of 8 requires dissociation, and because heterolytic ously to CO+ CI~, which can recombine with the alkyl cation
cleavage ofl leads directly to CO+ CI—,%° 8 will have no to yield alkyl chloride. Thus, the calculations do not lead us to

chance of forming in polar solvents. Even in nonpolar solvents, expect major changes in the product composition from frag-
the COCI radical probably does not have a sufficient lifetime mentations of these alkoxychlorocarbenes on going from polar
at room temperature to recombine with the benzyl radical to to nonpolar solvents.
form 8 before it falls apart to COF Cl, which explains the (b) In the case of benzyloxychlorocarbene, the situation is
absence of this species from the TRIR experiments. In contrast,different in various respects. First, due to the resonance energy
COCI persists in Ar matrixes and can reorient and recombine of the incipient benzyl moiety, the transition states for all
with the benzyl radical, in part after photoactivation of the latter. fragmentations fall significantly below that for eisrans-

As in the previous cases, we were dismayed to note the largeisomerization, so that the latter process is unlikely to be of
discrepancies between the exothermicities predicted for theimportance in this case. Whereas tfens-carbene will undergo
fragmentation to RCH CO by the B3LYP and the CCSD(T)  simple cleavage (homolytic in nonpolar, heterolytic in polar

methods. Although we do not think that these discrepancies solvent), thecis-carbene will lose CO in a process whose exact
affect our conclusions, it might be worthwhile to investigate mMechanism was found to be difficult to assess, mainly because

their causes. the predictions by different methods are at variance. According
to spin-restricted B3LYP calculations, loss of CO requires only
Conclusions 7.5 kcal/mol of activation and leads via a PhCH-CI~

complex with a high degree of charge separation, which

The calculations described above lead us to the following represents a transition state on the potential energy surface, to
conclusions: benzyl chloride. Unrestricted calculations show, however, that

(a) Alkoxychlorocarbenes in the gas phase or in nonpolar a diradicaloid state with a much smaller charge separation lies
solvents undergo rapid cidrans rotamerization at room tem- ca. 1 kcal/mol below the ion pair whose nature is therefore
perature E; = 16—18 kcal/mol) before any fragmentation can  spurious.
intervene. Homolytic cleavage of thieans-carbene and con- In acetonitrile, the above ion pair turns into a minimum on
certed loss of CGF HCI from thecis-carbene are predicted to  the potential surface, which indicates that an ion pair of finite
be competitive £, = 20—25 kcal/mol), whereas loss of CO to  lifetime may also be involved in the decay cis-benzyloxy-
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chlorocarbene in sufficiently polar solvents. In the absence of were identified by GC and GEMS comparisons to commercial
suitable trapping agents this ion pair, which lies about 12 kcal/ or synthesized authentic samples. Product distributions are

mol below individually solvated PhGH + CI~, will, however, detailed in Tables 1, 3, and 4.

invariably decay to PhC¥CIl. Thus, product analysis cannot LFP experiments were performed with the apparatus de-

yield any mechanistic information in this case. scribed in ref 122 Results are described above and in Table 5.
Finally, we mention that preliminary experiments with Products from diazirinéc. 1-Octene {0) and 1-chlorooctane

cyclopropylmethoxychlorocarbene and cyclobutoxychlorocar- (11) were identified by comparisons to commercial samples.
bene indicate that the fragmentations and alkyl group rearrange-2-chlorooctane 2) was prepared by the method of Hudsén.
ments that afford mixtures of cyclopropylmethyl chloride, Thionyl chloride (13.7 mL, 189 mmol) was added dropwise
cyclobutyl chloride, and allylcarbinyl chloride in acetonitrile  with strirring to a mixture of 2-octanol (10 mL, 63 mmol) and
and dichloroetharté33persist in pentane. Given the unlikely  pyridine (5.1 mL, 63 mmol). Overnight reflux afforded a brown
intervention of ion pairs in the latter solvent, deep-seated liquid from which SOC} was stripped at the water pump. The
concerted rearrangements must be coupled with the fragmentaresidue was dissolved in 100 mL of ether, extracted with 2
tions of the carbenes. Further experimental and theoretical 100 mL of brine, 100 mL of saturated aqueous,8@;, and

studies are planned. again with 100 mL of brine. The ethereal phase was dried over
N&SO, and stripped, affording 7.0 g (47 mmol, 75%) of
Experimental Section 2-chlorooctane!H NMR35 (9, CDCk): 4.0 (m, 1 H, GiCI);

1.67 (m, 2 H, CH,CHCI); 1.48 (d,J = 3 Hz, 3 Hz, 3 H, G5~
CHCI); 1.26 (m, 8 H, CH(CH2)4); 0.87 (m, 3 H, Gi3CH,).
The sample also contained 1- and 2-octene.

1-Octyl formate 13) was prepared from 3.5 mL (22 mmol)
of 1-octanol, 8.0 mL (220 mmol) of formic acid, and 2.0 mL
of boron trifluoride-dimethanol complex. The mixture was
heated for 30 min at 85C, and then at 125C (reflux) for 1 h.
Distillation at 45°C then removed the Bfeomplex. The residue
was dissolved in 100 mL of ether, washed wittx 2L00 mL of
brine, saturated aqueous s until no CQ, evolution was

. ” observed, and again with 100 mL of brine. The ether phase
OTf). This material was prepared by the general method of ref was dried over Ng5Qy, and then stripped to give 2.6 g (16.4

13. 1-Octanol (20 mL, 127 mmol), cyanamide (1.07 g, 25 27 .
mmol), and trifluoromethanesulfonic acid (2.25 mL, 25 mmol) mmol, 75%) O.f L-ocyl fcirmatel.H NMR (6’. CDC): 7.91
were stirred magnetically for 24 h at ambient temperature in a SCREH%CTH;(O”? (E%LG((H:;’) ? '3 7%???] idégl_(lrzn 32 l_H|
100 mL round-bottom flask protected by a drying tube. Pentane CHy) o= ' ’ R ’ ' '
(200 mL) was added, the mixture was refrigerated, and 6.0 g o
(73%) of 7c, was harvested by filtration, recrystallized from
CHCl, and dried in vacuo; mp 7980 °C.H NMR (¢, DMSO-
ds): 8.34-8.40 (br s, 4 H, 2NH), 4.22 (t,J = 6 Hz, 2 H,
OCHp), 1.66 (m, 2 H, OCHCHy), 1.23-1.27 (m, 10 H, (CH)s),
0.87 (crude t, 3 H, Ch).

Anal. Calcd. For GoH21F3N204S: C, 37.23; H, 6.57; N, 8.70.
Found: C, 37.01; H, 6.44; N, 8.60.

3-n-Octyloxy-3-chlorodiazirinegg). The method of Graham
was used? Lithium chloride (4.2 g), DMSO (90 mL), isouro-
nium salt7c (1.0 g, 3.1 mmol), and 40 mL of pentane were
combined, stirred magnetically, and maintained<a0 °C (ice
bath), while 150 mL of 12% commercial aqueous NaOCI (“pool
chlorine™), saturated with NaCl, was added slowly over 30 min.  The geometries of all species were fully optimized by the
The mixture was separated; the pentane phase was washed twicB3LYP density functional metho#, using the 6-31G* basis
with ice water and then dried over CaGit 0°C for 2 h. The set. All stationary points were characterized by second derivative
pentane solution of diaziringc was passed through a short silica  calculations. In the case of MeOCCI, and at selected geometries
gel column. Pentane could then be removed by rotary evapora-of PhCHOCCI, stationary points were re-optimized in a
tion and replaced by another solvent of choice (e.g., MeCN, dielectric continuum whose permittivity corresponds to that of
benzene). About 30 mL of diazirine solution was thus prepared. acetonitrile, using the SCI-PCM methé&tin the other cases,
UV: Amax 348, 366 nm (pentane); 362 nm (MeCN); 350, 370 the same method was used in single-point calculations at the

Solvents.Acetonitrile, benzene, and pyridine (Fisher, Certi-
fied ACS) were refluxed over Caidistilled, and stored over
5A molecular sieves. Dichloroethane, cyclohexane (Aldrich,
Certified ACS), and pentane (Fisher, HPLC grade) were stored
over 5A molecular sieves and then used directly.

Diazirines. The preparations of diazirin€a'* and6b'4 have
been described. Here we will detail the preparation of 3-
octyloxy-3-chlorodiazirine §c), and its precursor isouronium
salt (7¢), as illustrative of all cases.

O-n-Octyloxyisouronium Trifluoromethanesulfonate, (X =

Matrix Isolation and Spectroscopy.Diazirine6awas mixed
with a 1000-fold excess of argon, and the mixture was deposited
on a Csl crystal held at ca. 20 K inside an APD Cryogenics
HC-2 closed-cycle cryostat. After about 5 mmol of Ar was
deposited, the inlet valve was closed and the matrix was cooled
to ca. 8 K. Irradiations at the wavelengths indicated in the text
were effected wh a 1 kW Hg—Xe lamp through the appropriate
cutoff or interference filters. UV/vis spectra were recorded on
a PE Lambda 900 instrument, and IR spectra were observed on
a Bomem DAS interferometer.

Theoretical Methods

nm (benzene)!H NMR (8, CsDg): 3.48 (t,J = 6 Hz, 2H, geometries optimized in vacuo to assess the influence of

OCHy); 1.22-1.00 (m, 12 H, (CH)e); 0.84 (t,J = 7.5 Hz, 3H, solvation.

CHa). Single-point calculations were also carried out by the coupled-
Photolysis of Diazirines.Solutions of diazirine$ (3 mL in cluster method, which accounts for the effect of single and

solvent of choiceA ~ 1.0 atimay) Were photolyzed in quartz ~ double excitations and includes a perturbative estimate of triple
cuvettes fo 1 h at 25°C with a focused 200 W Oriel UV lamp,  excitations (CCSD(T)), using Dunning’s correlation-consistent
A > 320 nm (uranium glass filter). UV spectroscopy indicated polarized valence doublg{cc-pVDZ) and triple¢ basis sets
the absence of diazirine after photolysis. The photolysis products(cc-pVTZ, the latter only in the case of MeOCCH#

were analyzed by capillary GC and G®IS using a 30 mx Atomic charges were calculated according to the ChelpG
0.32 mmx 0.25um (film) HP-5 (5% PhMe siloxane) column  method*? All calculations were done with the implementation
at 30°C (2 min), programmed to 26T at 30 deg/min. Products  of the above methods in the Gaussiatid4olvation studies)
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and Gaussian98suites of programs. Cartesian coordinates and
total energies (including thermal corrections) of all stationary
points are available in ASCIlI form from the Supporting
Information.
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