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ABSTRACT: Experimental and computational studies find that dimethylcarbene (DMC), the parent
dialkylcarbene, is both predicted to be and functions as a very reactive nucleophilic carbene in addition £

reactions with five simple alkenes. Activation energies and enthalpies for DMC additions to 2-ethyl-1-

¢

butene and methyl acrylate are computed and observed to be negative.

¢

B INTRODUCTION

We recently reported that the structurally constrained
dialkylcarbene adamantanylidene (1, Ad) expresses both high
reactivity and nucleophilic selectivity in its addition reactions
with simple alkenes' and styrene derivatives.” Theoretical and
computational considerations paralleled the experimental
findings." Our interest has now turned to dimethylcarbene
(2, DMC), the parent dialkylcarbene. Will it too display

nucleophilic intermolecular chemistry?
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Experimentally assessing the intermolecular proclivities of
DMC, however, is a much more difficult task than the
analogous study of Ad. The intramolecular chemistry of Ad is
modulated by its tricyclic structure, where the otherwise
normative 1,2-hydride shift of alkylcarbenes here leads to an
anti-Bredt alkene and is suppressed in favor of a relatively
“slow” 1,3-CH insertion (with rate constant k ~ (1—5) X 10’
s™! in isooctane or cyclohexane).>* As a result, Ad exhibits a
robust intermolecular chemistry, adding in good yields to a
variety of alkenes.”® The situation is quite different with DMC,
as described in Platz’s classic report.” Not only does the
unconstrained parent dialkylcarbene undergo a rapid 1,2-H
shift to propene (k ~ 5% 107 to 1.5 X 10° s™" in various
solvents,” with an activation energy of ~2.6 kcal/mol in
perfluorohexane”), but this rearrangement is accompanied by a
significant quantum mechanical tunneling component. Addi-
tionally, some propene product may arise directly via
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rearrangement and nitrogen loss from a photoexcited state of
the carbene’s dimethyldiazirine (3) precursor, or from excited
singlet DMC.”™ ' Noncarbenic loss of its precursor would, of
course, diminish the potential for intermolecular chemistry of
DMC. Nevertheless, in an expression of electrophilic inter-
molecular chemistry, DMC can be trapped by pyridine to give
ylide 4.7

The two key questions that we consider in the present report
are as follows: (1) Can DMC be trapped by alkenes? (2) If it
can be trapped, what kind of philicity does it display? Our
responses to these queries constitute the first extended
description of the intermolecular chemistry of DMC and,
together with Platz’s analysis, of its intramolecular chemistry,”
provide a rounded portrait of the parent dialkylcarbene.

B RESULTS AND DISCUSSION

Synthesis. Question 1 can be answered positively; DMC
generated by the photolysis of diazirine 3 can be intercepted by
a variety of olefins, albeit in yields not exceeding about 10%.
Diazirine 3 was prepared by the KMnO, oxidation of 3,3-
dimethyl-3H-diaziridine, as described by Ford et al” The
diazirine was trapped in pentane at —78 °C and identified by its
UV spectrum: A 345, 351, 363 nm (reported: 345, 363 nm in
pentane®). Pentane solutions of 3 were photolyzed with alkenes
5—9 in a Rayonet photoreactor for ~15 h using 350 nm Jamps.
The corresponding cyclopropane products 10—14 were
identified by GC-MS, with the parent ion (M*) observed in
each case. To buttress these assignments, cyclopropanes 11-13
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were independently prepared by Simmons—Smith methylena-
tion of commercially available alkenes 15—17.

CH,=CEt, CH,=CHR

5 6, R=n-CH,
7,R=Ph
8, R=COOMe
9,R=CN

M Et M R
Mei ~ ;Et M: ~ '\H
10 11,R = n-C4Hq
12,R=Ph

13, R = COOMe
14,R=CN

Me, C==CHR

15,R = n-C4Hg
16,R = Ph
17,R = COOMe

The resulting cyclopropanes were characterized by 'H and
BC NMR spectroscopy and by GC-MS. Authentic cyclo-
propanes 11—13 were compared to 11—13 obtained from
DMC additions to alkenes 6—8 by GC-MS and by GC
coinjection; good agreement was found in each case.

Multiplicity. The spin multiplicity of a carbene during its
reactions with an alkene is an important consideration. In the
case of Ad, Platz et al. deduced from experiment that the
equilibrium between the singlet and the triplet was such that,
under ambient conditions in benzene, less than 0.001 of the
carbene was present as the triplet.'> This observation implied
that the free energy difference between 'Ad and *Ad was larger
than 4 kcal/mol (T 298 K) in favor of 'Ad.'*"?
Computational studies tend to predict a marginally smaller
S—T gap. For example, the gas-phase DFT computations of
Parameswaran et al. (M06/def2-TZVPP//BP86/def2-TZVPP)
afford AE = 3.1 kcal/mol,14 while our CCSD(T)/cc—pVTZ//
MP2/cc-pVTZ calculations predict AE = 2.7 kcal/mol, AH =
3.2 kecal/mol, and AG = 3.4 kcal/mol (see Table S-4 in
Supporting Information (SI) for details);'* in both cases, 'Ad is
the ground state. However, 'Ad has a dipole moment slightly
larger than that of >Ad (computed gas-phase values are 2.7 and
1.0 D for 'Ad and *Ad, respectively; MP2/cc-pVTZ), and 'Ad
is hence stabilized preferentially in solution by even a nonpolar
alkane solvent. Application of three different continuum
dielectric solvation models predict a differential favorable
stabilization of 'Ad by 0.8—1.8 kcal/mol (n-pentane model
solvent; see SI for details) which, when combined with the gas-
phase CCSD(T)/cc-pVTZ result presented above, suggests a
“best” computed estimate for the 'Ad — *Ad free energy
difference of 4—5 kcal/mol in alkane solution, in full agreement
with the suggestion advanced by Platz et al. Considering this
magnitude of S—T separation and our ignorance of the rate
constants for interconversion of 'Ad and *Ad, we interpreted
the observed rate constants and philicity of the additions of Ad
to alkenes 5—9 solely in terms of 'Ad, and a coherent,
consistent mechanistic analysis emerged. '

In the present study of DMC, a similar situation is obtained.
An early computational study by Schaefer et al. put the gas-
phase energy difference between 'DMC and *DMC as AE =
1.4 kcal/mol, with the singlet as the ground state, and
concluded that both species would take part in reactions of
the carbene.'® Similarly, extensive ab initio calculations on
'DMC and *DMC by Matzinger and Fiilscher led to a best
estimate for the energy difference of AE = 1.6 keal/mol;'” a
more recent DFT study by Kassaee et al. reports an energy
difference of 1.2 kcal/mol (B?aLYP/;lug-cc-pVTZ).18 Our
highest level gas-phase calculations (CCSD(T)/cc-pV6Z//
CCSD/cc-pVTZ; further details in SI) provide AE = 2.2
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kcal/mol and a “best” estimate for the S—T free energy
difference of AG = 1.7 kcal/mol (T = 298 K), again with the
singlet carbene as the ground state. Parallel to the Ad scenario
above, the dipole moment of 'DMC (2.1 D) is larger than that
of DMC (0.7 D) and affords preferential stabilization of ca.
1.4—1.5 kcal/mol for "DMC in alkane solution ( see Table S-5
in SI for details). A best estimate of the 'DMC/*DMC free
energy difference of ca. 3.5 kcal/mol (T = 298 K) results, which
corresponds to a 'DMC/?DMC distribution ratio larger than
99:1 in hydrocarbon solution. Even though the 'DMC/*DMC
free energy difference is slightly less than that for 1Ad/Ad we
will, for simplicity, analyze the DMC chemistry that follows in
terms of 'DMC only. We will find that there is a very
pronounced similarity in the behavior of both Ad and DMC.

The singlet—triplet gap computed in DMC (ca. 3.5 keal/
mol) is thus similar to that of Ad (ca. 4—S5 kcal/mol), and both
dialkylcarbenes are predicted to possess singlet ground states in
the gas phase and in hydrocarbon solution. At the MP2/cc-
pVTZ level, we find that the C—C_e,.—C angle attains an
optimal value of 110.8° in 'DMC and opens to 130.6° in
*DMC; both values are typical for the lowest energy singlet and
triplet states of unconstrained carbenes. For Ad, however, the
corresponding optimized C—C pene—C value is 111.1° in 'Ad
but only 117.8° in *Ad; the rigid Ad skeleton impedes structural
relaxation and thus preferentially disfavors the triplet state in
Ad. In DMC, hyperconjugation from six optimally oriented C—
H bonds stabilizes the p-orbital on the carbene center, hence
preferentially favoring 'DMC relative to *DMC. In Ad, there
are only two, nonoptimally aligned C—H bonds available for
hyperconjugative interactions with the carbenic center. We
conclude that the close proximity of the S—T gaps in DMC and
Ad reflects a combination of factors and appears to some extent
to be coincidental.

Anticipated Philicity. Table 1 displays computed HOMO/
LUMO energies, absolute electrophilicities (@) ,'? and stabiliza-

Table 1. Carbene Parameters

carbene &0 ey’ o AE°
Me,C —9.04 3.39 032 287
2-Ad -8.39 2.96 0.33 25.8
CCl, —1091 1.00 1.03 45.5
CF, —12.85 2.74 0.82 70.9
CICOMe —10.49 3.14 0.50 72.7
C(OMe), —-10.20 4.98 0.22 92.0
MeCOMe -9.23 4.04 0.25 59.2
C(NMe), —8.24 594 0.05 86.6

“eno and &y are the HOMO and LUMO energies in €V, com}_zuted at
the HF/6-31G(d,p)//MP2/6-31G(d,p) level, cf. refs 19a, b. “Global
electrophilicity in eV; see refsl9c—e. “Carbene stabilization energy
(AEg,,) calculated at the B3LYP/6-311++G(2d,p) level, in kcal/mol
relative to CH,,. For a carbene of formula CXY, AE,, = —AE for the
isodesmic reaction CH;X + CH,;Y + CH, — CXY + 2CH,, cf. ref 20.

tion energies relative to CHZ20 for DMC and seven other
carbenes; a more extensive table, containing additional
parameters and ten more carbenes, appears in the SI as Table
S-1.

We notice at once that the HOMO and LUMO energies of
DMC and Ad are quite similar; the two carbenes should
therefore exhibit similar philicities toward a common set of
alkenes. The HOMOs of DMC and Ad are relatively high-lying
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due to the absence of o-withdrawing electronegative heter-
oatoms bonded to the carbene center. The orbital energies
(éno) of DMC and Ad resemble those of the nucleophilic
carbenes MeCOMe and C(NMe,), in magnitude® and are
significantly higher than those of the electrophilic carbenes
CCl, and CF,, the ambiphilic carbene CICOMe, and even the
nucleophilic carbene C(OMe),; cf. Table 1. The high-lying,
accessible HOMO of DMC should confer nucleophilic
properties, as in the case of Ad."?

At the same time, the electrophilicity (@) of DMC, like that
of Ad, is low compared to the electrophilic or ambiphilic
carbenes of Table 1. Similarly, the LUMO energy (eyy) of
DMC is higher than e;y; of the electrophilic carbenes of Table 1
(CCl, and CF,) or Table S-1 in SI, degrading the ability of
DMC to behave as an electrophile toward alkenes. However, at
3.39 eV, ey of DMC is only slightly higher than that of
ambiphilic CICOMe (3.14 eV), reminding us that DMC could
potentially behave as an electrophile toward a strong
nucleophile. Indeed, DMC readily reacts with the lone pair
electrons of pyridine to yield ylide 4.” In this, it manifests
residual electrophilicity, reminding us that all carbenes are at
least potentially ambiphilic.

The carbene stabilization energy, AE,;, of DMC, like that of
Ad, is much lower than those of the other carbenes in Table 1
or Table S-1 in SI The latter are each stabilized by at least one
substituent carrying lone pair electrons that can be donated to
the formally vacant p orbital at the carbenic centers of these
singlet species. Both DMC and Ad should therefore be
considerably more reactive and can be characterized as “reactive
nucleophilic” carbenes. A similar description derives from
Mieusset and Brinker, whose analysis of carbenic reactivity is
based on computed C—H insertion energies.”> Given their
reactivity toward pyridine, DMC and Ad are seen to retain
residual ambiphilic potential.

We can explore the frontier molecular orbital interactions
between DMC and various alkenes by deriving the differential
orbital energies AEg (= "y c — €"°c_c = p — 7) and AEy
(= e — €"%yc = 7% — 0), corresponding to the
electrophilic and nucleophilic transition state interactions,
respectively, for the reaction of DMC with an alkene.”!
Neglecting considerations of orbital overlap, a smaller AE is
associated with greater transition state stabilization, a lower
activation energy, and a more rapid addition reaction.’**!
Differential orbital energies for additions of DMC to the five
alkenes that we studied are collected in Tables S-2 and S-3 in
SL Irrespective of whether the alkene is electron-rich or
electron-poor, AEy < AEg in each case. DMC is thus predicted,
like Ad,' to display nucleophilic selectivity toward alkenes. The
philicity of DMC should resemble that of nucleophilic
MeCOMe,> rather than that of ambiphilic CICOMe*"** or
electrophilic CCL,.*"**

Kinetics. Laser flash photolysis (LFP) at 351 nm of diazirine
3 in pentane (A;5; = 0.5) containing 0.154 M pyridine afforded
an absorption for ylide 4 at 340 nm (see Figure S-1 in SI). No
other significant transients were observed (nor by Platz et al.”),
excluding the formation of dimethyldiazomethane. The
absorption of this ylide has been re_/Ported at 390 nm in
benzene'? and at 364 nm in Freon-113.” In pentane, the “yield”
of the ylide, as measured by its absorbance, increased with
increasing pyridine concentration between 0 and 0.153 M
pyridine. Only a marginal increase in ylide absorbance was
observed at a pyridine concentration of 0.184 M; see Figure 1.
In measuring rate constants for DMC additions to alkenes (see
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below), we used 0.154 M pyridine to “visualize” the carbene via
ylide 4.
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Figure 1. Absorbance of pyridinium ylide 4 at 340 nm in pentane at
ambient temperature as a function of pyridine concentration; for
diazirine 3, Aj5; ~ 0.8. The “yield” of ylide 4, formed from DMC and
pyridine, increases as the concentration of pyridine increases until all
of the available DMC is captured by the pyridine.

Given that diazirine 3 is irradiated with a xenon fluoride
excimer laser at 351 nm, some scattered light impacts our
monochromator at 340 nm, resulting in the strong “negative”
absorbance visible in Figure 1 at ~3 X 107" s. However, at zero
pyridine concentration (baseline), the photomultiplier signal
returns to the same level that it exhibited before the laser
emission. Moreover, analysis (using Igor Pro 6.04 software) of
the optical density growth signals of ylide 4 at different pyridine
concentrations produced excellent fits as single exponentials.

From Figure 3 of ref 7, we estimate Platz’s rate constant for
the reaction of DMC with pyridine as k,,, ~ 1.4 X 10°M™'s7!
in Freon-113 at 5 °C. This is about 10 times slower than the
reactions of, for example, the phenylhalocarbenes with
pyridine.*® The “electrophilic” reaction of DMC with pyridine
should be influenced by the value of ey, which is 3.39 eV for
DMC and substantially higher than &, of the phenyl-
halocarbenes (0.78—1.46 eV, cf. Table S-1 in SI) or the iconic
electrophile CCl, (1.00 eV, Table 1), consistent with a slower
reaction of DMC with pyridine, relative to these other carbenes.

A correlation of kg, for ylide formation (from Figure 1)
versus the concentration of pyridine appears in Figure 2, from
which the slope gives the second-order rate constant for the
reaction of DMC with pyridine as k,,, = 1.5 X 10’ M ' s7!. This
value is about 10 times lower than Platz’s value.” Although we
are unable to account for the discrepancy, it should not affect
the rate constants determined for DMC additions to alkenes in
which we measure the effect of added alkene on k., for ylide
formation. A reviewer suggested that the discrepancy could be
due to differences in solvent, temperature, or unknown
experimental artifacts.

Absolute rate constants for additions of DMC to several
alkenes were determined by LFP using the ylide probe
method,”” where the observed rate of formation of ylide 4
increases upon addition of an alkene at a constant
concentration of pyridine. Linear correlation of kg, for ylide
formation versus [alkene] then gives a slope equal to kg4 for
the addition of DMC to the alkene.
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J. Am. Chem. Soc. 2015, 137, 2730-2737


http://dx.doi.org/10.1021/ja513024j

Journal of the American Chemical Society

Rate constant for Dimethylcarbene-Pyridine ylide
Y=A+BX solvent: Pentane

A=149 E7 wavelength: 340 nm

B=152E7
R=0989 A
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Figure 2. k,, for the formation of ylide 4 versus [pyridine] (M): k,,, =
1S % 100 M~ 7% r = 0.99.

k,qq was measured for additions of DMC in pentane to 2-
ethyl-1-butene, 1-hexene, styrene, methyl acrylate (MeAcr),
and acrylonitrile (AcrCN). Graphical displays of all the kinetics
runs appear in SI. We selected olefin concentrations at which
the ylide absorbances could be precisely measured and led to
good correlations of k., and [olefin]. The ylide absorbances
were fitted up to their maxima over time ranges where signal
decay was minimal.

Averaged rate constants k44 from duplicate runs appear in
Table 2, where they are compared to analogous data for Ad."”

Table 2. Rate Constants for Additions of Dimethylcarbene to
Alkenes”

alkene kpye (M~ s71) kag (M7 s’l)b
CH,=CHCN (2.92 + 0.09) x 10’ 133 x 10
CH,=CHCO,Me (824 + 0.02) x 10° 4.18 x 107
PhCH=CH, (7.44 + 0.03) x 10° 2.38 x 10°°¢
CH,=CHBu (4.24 + 0.03) x 10° 2.63 x 10°
CH,=CEt, (342 + 0.10) x 10° 1.78 x 10°

“In pentane at 25 °C. YFrom ref 1. “From ref 2.

Error analysis of the original data shows that our average shot-
to-shot variance is () 0.30% over 25 randomly selected runs,
for all five olefins at various temperatures. Duplicate experi-
ments (with 2 to 3 shots per point and S points per
experiment) give k,qq values with reproducibilities of (+) 3.1,
0.24, 0.40, 0.70, and 2.9% for the five olefins studied.
Correlations (5 points) of k, versus [olefin] are linear with
r > 0.99 (9 correlations), r > 0.98 (7 correlations), and r > 0.97
(2 correlations).

The rate constants measured for the additions of DMC to
the five olefins are similar to those obtained for Ad."* The
HOMO and LUMO energies of DMC and Ad are similar
(Table 1), so that with the same olefins, similar rate constants
should be observed, dominated by the HOMO(carbene)/
LUMO(alkene) nucleophilic interaction (cf. Tables S-2 and S-3
in SI).>**° As predicted above, and in answer to question 2
raised in Introduction, the reactivity of DMC toward alkenes is
consistent with nucleophilic selectivity and philicity, similar to
that of Ad but inverse to that of the electrophilic CCl,."*

Activation Parameters. Activation parameters for addi-
tions of DMC to 2-ethyl-1-butene and MeAcr were derived
from measurements of k44 at five temperatures between 274 K
and 303 K, with temperatures controlled to +0.1 K. The
individual kinetics runs and the resulting Arrhenius correlations
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appear in SI. The experimentally derived activation parameters
are collected in Table 3, where they are compared with
corresponding data for Ad.!

Table 3. Activation Parameters for Additions of DMC and
Ad to MeAcr and 2-Ethyl-1-butene®

DMC Ad
activation CH,= CH,= CH,=
parameters CHCO,Me CH,=CEt, CHCO,Me CEt,

E, —3.5+ 0.4 —2.0 + 03 -3.6 -12
AH¥ —4.1 + 0.4 —2.6 + 0.3 —4.1 -1.8
AS* —406 + 1.5 —421+ 12 -38 —40

AGH 8.0 + 0.9 9.9 + 0.7 7.1 10.3

“Errors are derived from the Arrhenius correlations. E,, AH* = E, —
RT, and AG¥ in kcal/mol; AS* in e.u. Eyring parameters are derived at
T =298 K.

We note the similarity between the DMC and Ad
parameters, including the negative activation energies and
enthalpies expected for these very reactive carbenes. We have
previously encountered negative activation energies for
additions to alkenes of PhCCL>® CCL,*" and CF,;CCL*>* We
believe that the most economical explanation for the negative
Arrhenius activation energies is that offered by Houk: these
carbene—alkene additions are so exothermic that the associated
energy and enthalpy continually decrease along the reaction
coordinate, and the activation parameters are accordingly
negative.>> Barriers to these additions occur in the free energy
of activation (AG¥) and are generated by the very negative
entropies of activation.*®

Obtaining similar results for the nucleophiles DMC and Ad
shows that negative Arrhenius activation energies are a function
of a carbene’s reactivity, not its philicity. Computed activation
energies (see below) for the additions of DMC and Ad to
MeAcr and 2-ethyl-1-butene are in very good agreement with
the experimental values in Table 3. As with PhCCl, CCl,,
CF;CCl, and Ad, free energy barriers to additions of DMC to
alkenes are engendered by very unfavorable entropies of
activation.

Computational Studies. We have located TS’s for
additions of DMC to the alkene set presented in Table 2
from DFT calculations employing the MN12-SX functional®*
and cc-pVTZ basis sets.>® Computed activation parameters are
presented in Table 4 (see Table S-6 in SI for further details).
The computed activation potential energies and enthalpies are
negative for all five alkenes; for example, computed AH™ values
span the narrow range from —1.4 kcal/mol (1-hexene) to —2.5
kcal/mol (styrene). For the alkenes methyl acrylate and 2-
ethyl-1-butene, the computed values are AH* = —2.3 kcal/mol
and —2.5 kcal/mol, whereas the experimental values (Table 3)
are AH¥ = —4.1 + 0.4 kcal/mol and —2.6 + 0.3 kcal/mol,
respectively. Also, very negative entropies of activation are
computed (AS* < =30 e.u.) for all alkene substrates; hence the
presence of free energy barriers for DMC—alkene cycloaddition
is clearly a reflection of highly unfavorable entropic (—TAS¥)
terms. Interestingly, the computed activation entropies appear
to be less negative than the experimental ones, although they
are in the range expected for a gas-phase bimolecular reaction.
Specifically, for the alkenes methyl acrylate and 2-ethyl-1-
butene, the computed values are AS* = —34.1 e.u. and —38.6
e.u., whereas the corresponding experimental values (Table 3)
are AST = —40.6 + 1.5 e.u. and —42.1 + 1.2 e.u,, respectively.

DOI: 10.1021/ja513024j
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Table 4. Computed Activation Parameters for Additions of DMC to Alkenes”

alkene AE+? AHF? ASH?
CH,=CHCN 23 -16 -316
CH,=CHCO,Me -3.0 -23 —34.1
PhCH=CH, =33 -2.5 =335
CH,=CHBu 2.2 —14 -33.5
CH,=CEt, -33 25 ~38.6

AGH? AGF€ AGF? AG*(exp)®
79 7.8 7.7 73
79 8.0 8.8 8.0 + 0.9
7.5 73 92 94
8.6 8.6 8.6 9.6
9.0 8.9 8.8 99 + 0.7

“Energy values in kcal/mol, entropy values in e.u; computed relative to the lowest energy conformers of the separated reactants. PMN12-SX/cc-
pVTZ data. “Obtained using CCSD (T)/ cc-pVTZ values for AE? and thermal corrections from the MN12-SX/ cc-pVTZ calculations. MN 12-SX/cc-
pVTZ calculations incorporating the continuum dielectric SMD model and simulated n-pentane solvent. “AG¥(exp) derived from the Eyring

equation, kg4 = (RT/ h)exp(—AG*/RT), using k,qq data from Table 2.

(a) (b)

(©) (d)

Figure 3. Transition state for DMC addition to CH,=CEt,. Panels: (a) Heavy-atom stick drawing and atom numbering; (b) side-on view, similar to
panel a; (c) end-on view; (d) top view, showing carbene C1—C2 single bond aligned with alkene C4—CS double bond.

The numerical agreement between experimental and computed
parameters appears satisfactory.

The free energy barriers derived from the experimental
measurements (AG*(exp), Table 4) may be roughly separated
into two groups: DMC addition to CH,=CHCN and CH,=
CHCO,Me present the smaller barriers, whereas additions to
PhCH=CH,, CH,=CHBu, and CH,=CEt, require DMC to
surmount slightly larger, but similar, barriers. The computed
activation free energies, with the exception of the PhCH=CH,
substrate, follow the observed trend; however, the overall
spread in computed free energies (ca. 1.5 kcal/mol) is smaller
than the experimentally derived spread (ca. 2.6 kcal/mol).

Additional single point CCSD(T)/cc-pVTZ calculations at
the MN12-SX/cc-pVTZ optimized geometries change the
activation energies at most by 0.2 kcal/mol (Table 4 and
Table S-7 in SI). Also, reoptimization of reactant and TS
structures with general solvent effects included (SMD
continuum  dielectric model,*® n-pentane model solvent)
changes the activation free energies by at most 2 kcal/mol
relative to the idealized gas phase values (Tables 4 and Table S-
8 in SI). The solvation effects from a nonpolar alkane (e.g., n-
pentane) on the activation free energies for DMC—alkene
cycloaddition appear to be very small (0.0—0.2 kcal/mol) when
the alkene is CH,=CHCN, CH,=CHBu, or CH,=CEt,;
larger values of approximately 0.9 and 1.7 kcal/mol are
computed in the cases of CH,=CHCO,Me and PhCH=
CH,, respectively. Coincidentally, the relatively large solvent
correction found for PhCH=CH, raises the computed
activation energy to 9.2 kcal/mol, in fortuitously excellent
agreement with the experimental value of 9.4 kcal/mol (Table
4).

Examination of the computed transition states for DMC—
alkene addition reveals that they are all “early, open, and
flexible,” as anticipated for reactions involving a highly reactive
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species causing the appearance of negative activation energies;
the TS for DMC adding to 2-ethyl-1-butene is illustrative
(Figure 3). For the DMC/CH,=CEt, TS, the early location of
the TS on the reaction coordinate is shown by the large C1—
C4 and C1—CS distances of 2.859 and 3.167 A, respectively.
The carbene center (C1) is located above the unsubstituted
alkene carbon (C1—C4—CS = 90.6°), and the DMC plane is
tilted slightly upward relative to the alkene double bond (C2—
C1-C4 = 104.5°, C3—C1—C4 = 90.7°). The DMC unit has
rotated relative to the conventional orientation adopted by the
carbene in the TS for cycloaddition;*® rather than straddling
the alkene C=C bond, the C,—C, single bond of DMC is
aligned with the alkene double bond (C1-C2—CS5—C4 = 1.0%
Figure 3, panels ¢ and d). The structural distortions in the
DMC and alkene units, relative to the free species, are
minuscule: the DMC C—C bond lengths in the TS are C1-C2
= 1477 A and C1-C3 = 1478 A vs 1.469 A in the free
carbene; similarly, the C4—CS bond length is 1.331 A in the TS
vs 1.327 A in the free alkene. Also, the carbene angle is C2—
C1-C3 = 111.4° and 111.5° in the TS and free species,
respectively. The net electron transfer is only 0.03e, from DMC
to CH,=CEt,, but in accordance with the formal classification
of DMC as a nucleophile. The reaction coordinate at the TS
resembles a twist mode (I, = 45i cm™') that further orients
DMC for unhindered nucleophilic attack on the alkene 7-bond.
It was ascertained that all the TS’s located for DMC/alkene
cycloaddition connect to shallow, weakly bound DMC:alkene
precursor complexes in one “backward” direction along the
reaction coordinate, and to the cyclopropane products in the
opposite “forward” direction (procedural and energetic details
available in Tables S-9 and S-10 in SI). The precursor
complexes are only slightly below the TS’s in energy (<1
kcal/mol) and probably do not play a role in the kinetics of
cycloaddition at ambient temperature.
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(a)

(b)

(©)

Figure 4. Molecular electrostatic potential for CH,=CEt,. Regions in red are attractive to a negative charge. Panels: (a) Top view; (b) side-on view;

(c) side-on view of precursor DMC/CH,=CEt, complex.

We encountered similarly unusual orientations of the carbene
in the computed structures for the precursor complexes and
TS’s for addition of Ad to methyl acrylate and acrylonitrile.' We
noted that the molecular electrostatic potentials (MEPs) of
these two alkenes were moderately attractive to negative charge
(viz. the carbenic lone pair) in the spatial regions where Ad was
located along the reaction coordinate for cycloaddition. The
MEP for nonpolar 2-ethyl-1-butene (Figure 4) is similarly
weakly attractive to negative charge only in the region of space
above the center of the double bond where DMC is located in
the cycloaddition TS (Figure 3) and precursor complex (Figure
4). Since the potential energy surface for DMC (or Ad)
addition to alkenes is highly attractive in that region (cf. the
negative activation energies observed and computed), it is
conceivable that weak, long-range electrostatic forces might
influence the approach of such highly reactive carbenes at large
distances, where direct orbital overlap interactions appear to be
precluded.

For completeness, we have calculated the reaction energies
for the addition of DMC to the reference alkene set (cf. Table
2) in the gas phase (Table S-11 in SI) and in simulated n-
pentane (Table S-12 in SI). Unsurprisingly, cycloaddition is
highly exothermic with the computed gas-phase reaction
enthalpies spanning a range from —75.6 kcal/mol (CH,=
CEt,) to —83.7 kcal/mol (CH,=CHCN). For comparison, the
analogous reaction enthalpies have also been computed for Ad
(Table S-13 in SI); the cycloaddition reaction enthalpies for Ad
are uniformly 5—7 kcal/mol more negative than those for
DMC, viz. —80.7 kcal/mol (CH,=CEt,) and —88.7 kcal/mol
(CH,=CHCN). The higher exothermicities computed for Ad
are in qualitative accord with the remarkably low carbene
stabilization energy computed for Ad (AEg,, Table 1), which is
approximately 3 kcal/mol less than that of DMC.

Conclusion. Despite a diminished intermolecular chemistry
due to competitive intramolecular processes,” rate constants
and activation parameters can be measured for the additions of
DMC to alkenes. These parameters resemble those obtained
for DMC’s structurally constrained analogue, adamantanyli-
dene." Both species are nucleophilic in their reactivity and
selectivity toward alkenes, although vestigial electrophilicity
remains, as expressed in their reactions with pyridine to form
pyridinium ylides. Computational studies afford transition
states and activation energies for DMC—alkene additions that
are in good agreement with experiment. The activation energies
are both observed and computed to be negative.
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B EXPERIMENTAL SECTION

General Methods. All commercially available reagents were used
without further purification. Pyridine was dried over solid sodium,
followed by fractional distillation. Column chromatography was
performed on silica gel (200—300 mesh). '"H NMR and “*C NMR
spectra were recorded at 500 MHz and at 125 MHz, respectively. GC
operating conditions: SPB-1 capillary column, 100 m X 0.32 mm i.d,,
d¢ 1.00 um (Supelco, Sigma-Aldrich). Flow rate of He gas, 25 mL/min.
Temperatures: injector, 250 °C; detector, 300 °C; column, 60 °C
(initial time, 6 min), then raised to 140 °C at 20 °C/min and retained
for 10 min, then raised to 260 °C at 30 °C/min and retained for 10
min. Our LFP system is described in ref 32. Absolute rate constants for
additions of DMC to several alkenes were determined by LFP using
the ylide probe method,” where the observed rate of formation of
ylide 4 increases upon addition of an alkene at a constant
concentration of pyridine. Linear correlation of k,, for ylide formation
versus [alkene] then gives a slope equal to kg4 for the addition of
DMC to the alkene.

3,3-Dimethyl-3H-diazirine (3). Diazirine 3 was prepared by the
KMnO, oxidation of 3,3-dimethyl-3H-diaziridine, as described by Ford
et al.” The diazirine was trapped in pentane at —78 °C and identified
by its UV spectrum: 4 345, 351, 363 nm (reported: 365 nm”). For LFP
experiments, the diazirine/pentane solution was diluted to Ass; ~ 0.5.
For “preparative” reactions, we used 8 mL of the diazirine/pentane
solution, with Aj5; ~ 2.5, added to 0.4 mol of olefins S— 9. These
solutions were photolyzed in a Rayonet photoreactor for ~15 h using
350 nm lamps.

Cyclopropanes from DMC Additions. The cyclopropane
products 10—14 from these photolyses were identified by GC-MS,
with the parent ion (M*) observed in each case.

10: m/e 126 (15%) M*, 111 (13%), 96 (7%), 81 (12%), 69 (100%),
56 (61%).

GC retention time: 14.57 min.

11: m/e 126 (6%) M*, 111 (10%), 83 (9%), 69 (100%), 55 (83%).
GC retention time 14.87 min.

12: m/e 146 M* (40%), 131 (100%), 116 (13%), 103 (8%), 91
(40%), 77 (10%). GC retention time: 22.88 min.

13: m/e 128 M* (46%), 113 (26%), 97 (51%), 81 (34%), 69 (92%),
55 (100%). GC retention time: 15.29 min.

14: m/e 95 M* (16%), 81 (16%), 69 (100%), 56 (77%). GC
retention time: 14.09 min.

Simmons—Smith Reactions. Cyclopropanes 11—-13 were pre-
pared by the Simmons—Smith reaction. The general synthetic method
follows. Zinc—copper couple (copper content typically ca. 1—3%) was
purchased from Alfa Aesar. In a 100 mL round-bottom flask containing
a magnetic stirring bar, and fitted with a reflux condenser protected by
a drying tube filled with Drierite, were placed three times the molar
quantity to alkene of zinc—copper couple, S mL of anhydrous ether,
and 30 mL of dichloromethane. A crystal of iodine was added, and the
mixture was stirred until the purplish red color had turned to brown.

DOI: 10.1021/ja513024j
J. Am. Chem. Soc. 2015, 137, 2730-2737


http://dx.doi.org/10.1021/ja513024j

Journal of the American Chemical Society

Then alkene was added and heated to gentle reflux with stirring. Three
times the molar quantity to alkene of methylene iodide was slowly
added (over 45 min) using a 10 mL injection syringe. The mixture was
stirred under reflux for 9—24 h (olefin 17, 9 h; 16, 16 h; 15, 24 h). At
the end of this time, most of the gray couple had been converted to
finely divided copper. The ether solution was decanted from the
copper and unreacted couple, which was then washed with two 30 mL
portions of ether. The washes were combined with the decanted ether
solution, and the whole was shaken with two 30 mL portions of
saturated aqueous ammonium chloride solution. The ether layer was
separated, dried over anhydrous magnesium sulfate, and then filtered.
The filtrate was concentrated to ~5 mL and chromatographed over a
short column of silica gel using 10% ether/pentane as the eluent.
1-Butyl-2,2-dimethylcyclopropane (11). This compound was
isolated in 50% yield. '"H NMR (500 MHz, CDCl;): § 0.01—0.03
(m, 1H), 0.50 (m, 1H), 0.55—0.65 (m, 1H), 1.05 (t, 3H), 1.17 (s, 3H),
1.18 (s, 3H), 1.34—1.56 (m, 6H); 3C NMR (125 MHz, CDCL,) §
14.3, 154, 19.9, 20.1, 22.8, 25.0, 27.8, 29.7, 32.7.
1-Phenyl-2,2-dimethylcyclopropane (12).3” This compound was
isolated in 58% yield. 'H NMR (500 MHz, CDCL): § 0.79 (s, 3H),
0.65—0.81 (m, 2H), 1.22 (s, 3H), 1.81—1.88 (m, 1H), 7.12—7.18 (m,
3H), 7.20—7.28 (m, 2H). *C NMR (125 MHz, CDCl;) 6 18.9, 19.4,
21.0, 28.1, 30.3, 126.0, 1284, 129.4, 140.7.
2,2-Dimethylcyclopropane-1-carboxylate Methyl Ester (13).%
This compound was isolated in 68% yield. 'H NMR (500 MHz,
CDCly): 6 0.70 (dd, ] = 8.1, 4.3 Hz, 1H), 0.95—0.90 (m, 1H), 1.01 (s,
3H), 1.06 (s, 3H), 1.35 (dd, J = 8.1, 5.5 Hz, 1H), 3.51 (s, 3H). *C
NMR (125 MHz, CDCL,) & 18.8, 22.1, 22.9, 26.7, 26.9, 51.3, 173.1.
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