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ABSTRACT
. cyclo-
%OCC' m%m - %H
(5-3 (54 H (Rra Cl
3-Nortricyclyloxychlorocarbene and  trans -4-methylcyclohexyloxychlorocarbene both fragment in hydrocarbon solvents with extensive loss of
stereochemical integrity to the corresponding chlorides via competitive and nearly isoenergetic S ni-like transition states.
The contemporary mechanism for thgi 8eactiort (“sub- The related fragmentations of alkoxychlorocarbenes (eq

stitution, nucleophilic, internal”) is formulated in terms of 1) can also be formulated in terms of ion p&ird/hen the
ion pairs?~*In the iconic case of chlorosulfite decomposition, cation is sufficiently stable and the solvent is polar,
the initial ion pairs ard from secondary or tertiary substrates

1 J4a H .. _
gnd 2 f,r'om primary subgtrate%’. In either case, thg ROOCI — [RT"OCCI— RCI+ CO )
internal” chloride nucleophile ultimately reacts with a cation

R* or ROSO) to form the product RCI.
( ) P solvent-equilibrated [RCI~] ion pairs intervené,but as R

becomes less stable and the solvent less polar, the stability
and lifetime of the ion pairs decrease. In a vacuum, rare gas
matrices, or pentane, calculations point to effectively “con-
certed” decompositions of ROCCI (or fragmentation that
proceeds through very short-lived ion paif€)ne imagines

d The dstereboctrr]]etr?cal toutco;r}gs qg&:factlcl)ns }[/_ary and q that such ROCCH RCI transformations would feature
epend on bo € nature of k and the solvent. secon farynearly complete frontside fragmentation and concomitant
or tertiary R groups and polar solvents favor retention via

front-side ret t chlorid h ) R q stereochemical retention. For example, the fragmentation of
ront-side return of chioride, whereas primary = groups an o-deuteriobenzyloxychlorocarbenededeuteriobenzyl chlo-
hydrocarbon solvents favor inverting, backside attack of

hloride2 Shrei t al. designated th hanisti ride in acetonitrile, a reaction likely to involve a short-lived
chioride: re“m”er N “a. _”eS|gna €ad these mechanistic ;5 , pair/2 occurs with at least 60% net retentidn.
alternatives as “@” and “Sy2i”, respectively?

In remarkable contrast, however, computational studies of
the fragmentation of cyclic, secondary ROCCI revtved
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Figure 1. B3LYP/6-31G(d) transition states for the fragmentation of cart®te chloride4 with retention (TSA) or inversion (TSB);
cf. ref 9.

transition states of comparable energies that, by intrinsic nortricyclanol was converted to the corresponding isouronium
reaction coordinate (IRC) methodology, lead directly to either salt with cyanamide and methanesulfonic atiéland the
retained or inverted RCI by frontside or backside fragmenta- latter was oxidized to diaziriné with aqueous NaOCt*
tion. lon pairs are not involved as energy minima along the
reaction coordinates.

For example, in our study of the fragmentation of
3-nortricyclyloxychlorocarbenes), we observed that 3-nortri- OH o N
cyclyl chloride @) was the exclusive product in pentane and >< |
that rearranged products were produced in solvents of (S)-()5 6 cl N
increasing polarity.

Cl

Diazirine 6 was decomposed photolytically &1 320 nm)
or thermally at 25°C in cyclohexane-g, CDCk, or CDs-
CN. In cyclohexane (as in pentdecarbene formed from
ocal cl H 6 and fragmented to 3-nortricyclyl chloride accompanied
by traces ofexo-5-chloro-2-norbornene (¥ With greater
solvent polarity, the yield of rose slightly: 5-7% in CDCk
and 4—7% in CRCN.

This led us to propose a spectrum of ion pair behavior for  Defining the stereochemistry of th& — 4 conversion
these reactions, with those in pentane proceeding via arequires knowledge of the absolute configurations and
limiting Sni process. Our suggestion was supported by rotation of chloride4, which are unknown. We computed
computational results that gave rise to two fragmentation this information. The initial assignment of a natural product
transition states of comparable energy, one leading toby a linear-response HF-based calculation was made in
retention of configuration AH* = 14.2 kcal/mol), as 199816 and there has since been a dramatic increase in the
determined by analysis by IRC methodology, and the other application of modern computational methods far]
to inversion of configuration (AH*= 14.8 kcal/mol); see  calculations of organic moleculé$.There are now many
transition stateg\ andB, respectively, in Figure 1. successful cases in which an absolute configuration has been

The counterintuitive implication is that chiral carbeBe  assigned by ab initio theod.
should yield chloride4 with extensive racemization in
pentanenot pecayse of.stereochemical randomi;_ation withlin t(12) Il?’atsedtupozr?) [&P[Z (—)%2:3 (élH'g’g cchtta for 5:_1.7;@ ee (S)-5, \t/vh'iclr?
an intermediate ion pair but because of competitive fronts[deﬁi‘rgig‘? $_?5An‘;gi]y M. Sai'to}:f‘M_; Naeg{ura? }?p gﬁik);rﬁgigufn(]?heeﬁ.
or backside § fragmentations. Here we describe experi- Lett.1989 1939. A value of [2% —40 (CHCE) was reported by: Kirmse,

mental tests of this idea in the nortricyclyl and cyclohexyl W.; Kndpfel, N.J. Am. Chem. Sod 976,98, 4672.
ycly y y (13) Moss, R. A.; Kaczmarczyk, G.; Johnson, L. 8ynth. Commun.
systems. _ ~2000,30, 3233,
exo-Norbornene oxideéwas converted to (S)-(—)-nortri- (14) Graham, W. HJ. Am. Chem. S0d.965,87, 4396.

. . - . 15) Up to 14% of the dimer of carber®ewas also formed.
cylanol, (S)-(—)-5, by reaction with the Li salt of (S,S)-bis- Eleg Kgndru’ R. K.; Wipf, P.; Beratan, D. N.. Am. Chem. S0d.998,

(1-phenylethyl)amine in ethétOur sample hadf]% —19.0 120, 2204.

; (17) (a)Kondru, R. K.; Wipf, P.; Beratan, D. I$ciencel 998 282 2247.
(¢ 5.0, CHCH), corresponding to an ee of 46.5%The (b) Kondru, R. K.; Chen, C. H.-T.; Curran, D. P.; Beratan, D. N.; Wipf, P.

Tetrahedron: Asymmetr§999, 10, 4143. (c) Ribe, S.; Kondru, R. K;;
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Figure 2. B3LYP/6-31G(d) transition states for the fragmentation of cyclohexyloxychlorocarbene to cyclohexyl chloride with inversion or
retention. See Supporting Information for a more complete rendering with IRC intermediate structures.

The structure of chloridd was minimized at the DFT-  chlorocarbene to cyclohexyl chloride: one led to axial
RB3LYP level with a 6-31G(d) basis set, and the optical cyclohexyl chloride with inversion, while the second led to
rotation value at the sodium D line was calculated with the equatorial chloride with retention; cf. Figure 2.
RB3LYP/6-31H-+G(2d,p) from the Gaussian 03 suttelhe The correspondinghH* values (in vacuo) were 17.9 and
calculations predictd]p —114 for (8)-(4) in solvents such  17.2 kcal/mol for the inversion and retention pathways,
as CHCI, or CHCL. A sample of4, chromatographically  respectively. IRC calculations revealed no ion pair minima
isolated from the fragmentation o8)-carbene3 in C¢D12, between TS and product for either pathway; both fragmenta-
had [0f°> —0.117 + 0.001°?° The levorotatory character tions were direct g-like processes. (In Supporting Informa-
indicated that the sample wa9+& so that the fragmentation  tion, we provide intermediate structures along the IRC to
of (-3 (derived from §)-5) occurred with overaltetention illustrate this point.) Again, the implication of the calculations

GC analysis of the chloride on a 30 m 0.25 mm is that the fragmentation of equatorial cyclohexyloxychlo-
Chiraldex GTA column at 50C gave §)-4/(R)-4in ratios rocarbene should occur (in vacuo or in hydrocarbon solvent)
of 1.09:1 @v fragmentation of6) or 1.05:1 (thermal  with substantial loss of stereospecificity.
fragmentation), corresponding to an ee of 4 or 2%, respec- We reported that menthyloxychlorocarbene, with an
tively. (An example of the GC separation is included in equatorial OCCI unit, fragments in polar solvents (e.g., 1,2-
Supporting Information.) Given that the initi&)(—)-5 from dichloroethane, DCE) preferentially with retention to menthyl
which diazirine6 was prepared had an ee of 46.5%, we chloride (59%) rather than with inversion to neomenthyl
conclude that the fragamentation of carb&ne chloride4 chloride (16%)* Similarly, trans-4-methylcyclohexyloxy-
occurred with 4-9% net retention; i.e., withextensie chlorocarbene (9) fragments in DCE ti@ns-4-methylcy-
racemization. This result accords with the competitive clohexyl chloride 10) with retention (59%), in preference
frontside and backsideyBlike fragmentations of carber to cis-4-methylcyclohexyl chloride (11) with inversion

predicted by theory; cf. Figure 1. (17%)2°> Now, we have also examined the fragmentations
In the more polar CDGlor CD;CN solvents, retentionin ~ of 9 in pentane, benzene, and MeCN.
the 3 — 4 fragmentation increased te-13 or ~24%, trans-4-Methylcyclohexanol was converted to the isouro-

respectively, with comparable results from either photolytic nium methanesulfonate saftand the latter was oxidizétl

or thermolytic generation &. Here, TSA or B might evolve to diazirine 12; experimental details appear in Supporting

into ion pair 822 Return with net retention could then Information. Photolyses ofl2 in several solvents gave

account for the marginal increase in overall retention chlorides10 and 11, as well as 4-methylcyclohexene, by

observed in CDGlor CDsCN compared with cyclohexane. fragmentation of carber@ The products were identified by
capillary GC spiking experiments with authentic samples.

? A tabular survey of the three fragmentation products appears

(21) Attempts to computationally optimize T®sand B in simulated
+Cor dichloroethane by the polarized continuum method were unsuccessful.
(22) All structures were fully optimized by analytical gradient methods
8 using the Gaussian 98 and Gaussian 03 sdigesl density functional (DFT)
calculations at the 6-31G(d) level, the exchange potentials of Bét¢kad
. the correlation functional of Lee, Yang, and P&frActivation energies
We next considered the cyclohexyl system. As for carbene were corrected for zero-point energy differences (ZPVE) (unscaled) and
3,° B3LYP/6-31G(d) calculatiori&?>?3|located two transition thermal effects at 298.150 K. Vibrational analyses established the nature
. . of all stationary points as either energy minima (no imaginary frequencies)
states for the fragmentation of equatorial cyclohexyloxy- . %ist-order saddle points (one imaginary frequency).
(23) (a)Becke, A. DJ. Chem. Physl993,98, 5648. (b) Lee, C.; Yang,
(19) Gaussian 03gevision B.03; Gaussian, Inc.: Pittsburgh, PA, 2003. W.; Paar, R. GPhys. Rev. B1988,37, 785.

See Supporting Information for the full reference. (24) Moss, R. A.; Johnson, L. A.; Kasprzynski, M.; Sauers, RJR.
(20) The 83.5 mg sample ¢f was dissolved in 5 mL of CDGland Org. Chem2003,68, 5114.
read in a 1 dncell. (25) See ref 18 in: Moss, R. A.; Ma, Y.; Sauers, R. R.; Madni,JM.

Org. Chem2004,69, 3628. The repetition (Table 1) gave 57% retention.
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in Table 1; a complete tabulation of all products is included
in Supporting Informatior®

Table 1. Chloride Products from Carberge

10 11 alkene net
solvent (%)~ (%) (%)= retention®
pentane 44.8 + 0.5 193+ 04 20.8+0.9 25.5
benzene 58.2+ 0.5 18.6 £ 0.2 159+ 0.6 39.6
DCE¢ 57.0+0.8 171+ 14 17.7 £ 0.8 39.9
MeCN 51.5+0.8 11.6 £ 0.2 15.3+1.6 39.9

aPercent yield of product. See Supporting Information for a complete
survey of the products. Errors are average deviations-@f 8xperiments.
b 4-Methylcyclohexenet %10 — %11.9 1,2-Dichloroethane.

We observe extensive loss of stereospecificity in all four
solvents?” as anticipated, this is maximized in pentane. The

(26) Small quantities afrans-4-methylcyclohexyl formate arichns-4-
methylcyclohexyl dichloromethyl ether were also formed via carbene capture
by H,O or HCI, respectively. In MeCN, -811% of trans-4-methyl-N-

cyclohexylacetamide was formed by carbene attack on the solvent, followed

by hydrolysis by traces of water.
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stereochemical outcome of the ROCE&I RCI conversion
for carbene9 in pentane, like that of carbergin cyclo-
hexane (see above), accords with the computationally
predicted simultaneous operation of retention and inversion
Sui-like transition states (Figures 1 and 2). The observed
stereochemical randomization is a consequence of the S
character of these reactions and their transition states rather
than of processes occurring within ion pair intermediates that
might intervene if more stable carbocations were generated.
The observed behavior may be reasonably general for
secondary cyclic alkoxychlorocarbenes that lack additional
carbocation-stabilizing features, at least in nonpolar sol-
vents?82° Extensions to open-chain secondary systems are
in progress, but the computational studies are complicated
by a plethora of available conformatioffs.
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