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Abstract The mechanisms by which the complexes CpCol, (Cp =
CsHs; L = CO or CH,=CH,) mediate the cycloisomerizations of a,d,0-
enynenes containing allylic ether linkages are probed by DFT methods.
The outcomes corroborate experimental results and provide energetic
and structural details of the trajectories leading to 3-(oxacyclopentyl or
cycloalkyl)furans via the intermediacy of isolable CpCo-n*-dienes. They
comprise initial stereoselective complexation of one of the double
bonds and the triple bond, rate-determining oxidative coupling to a
triplet 16e cobalta-2-cyclopentene, and terminal double bond docking,
followed by stereocontrolled insertion to assemble intermediate cis-
and trans-fused triplet cobalta-4-cycloheptenes. A common indicator of
the energetic facility of the latter is the extent of parallel alignment of
the alkene moiety and its target Co-Ca bond. The cobalta-4-cyclo-
heptenes transform further by B-hydride elimination-reductive elimina-
tion to furnish CpCo-n*-dienes, which are sufficiently kinetically pro-
tected to allow for their experimental observation. The cascade
continues through cobalt-mediated hydride shifts and dissociation of
the aromatic furan ring. The findings in silico with respect to the stereo-,
regio-, and chemoselectivity are in consonance with those obtained in
vitro.

Key words DFT, enynes, B-hydride elimination, cobalt, cycloisomeri-
zation, furans

We recently reported on the cycloisomerizations of
0,0,0-enynenes containing allylic ether linkages mediated
catalytically and stoichiometrically by CpCoL, (Cp = CsHs; L
= CO or CH,=CH,) to furnish 3-(oxacyclopentyl or cycloal-
kyD)furans via the intermediacy of isolable CpCo-j*-dienes.!
In the simplest case, substrate 1 was seen to convert into

“CpCo”

+

trans isomer 3 with catalytic CpCo(CO), in boiling and irra-
diated PhMe in 70% yield, while intermediate 2 could be in-
tercepted when 1 was exposed to one equivalent of
CpCo(CH,=CH,) at 0 °C, also in 70% yield. In both cases, inspec-
tion of the crude reaction mixtures by '"H NMR revealed the
presence of 2-3% of the corresponding stereoisomers. A
very tentative mechanism was formulated based on related
art?3 and geared toward reproducing the syn (methyl to Cp-
Co) stereochemistry in 2 and the trans constitution of 3
(Scheme 1). Accordingly, it featured the syn (with respect to
the ether bridge) disposed enyne complex A, an arbitrary
choice, since the subsequent oxidative coupling to the
cobaltacyclopentene (not formulated) is stereoconvergent,
followed by intermediate B, which sets the eventual stereo-
chemistry in 2 and 3. Insertion of the appended double
bond results in the trans compound C, from which p-hydride

Scheme 1 Mechanism of the cycloisomerization of 1 into 3
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elimination engenders D. Reductive elimination to liberate
the methyl group then assembles 2, and subsequent
hydride shifts provide the final furan 3.

While Scheme 1 provides a plausible mechanistic blue-
print of the reaction, its details raise a number of questions.
Thus, what are the relative energies of the proposed spe-
cies? What are the barriers associated with their intercon-
version? What is the feasibility of alternative structures?
Moreover, investigations of the scope and limitations of this
process showed much less related stereoselectivity, in addi-
tion to uncovering some notable instances of chemo-, re-
gio-, and more complex diastereoselectivity. This paper
aims to provide answers to these queries by a DFT compu-
tational scrutiny of the basic conversion of 1 into 3, as well
as that of variants of 1 that were investigated in our experi-
mental work.! The intramolecular cyclization of dienynes
has not been the subject of computational analysis, and we
hope that our results will provide an increased understand-
ing of related experimental investigations.> In addition,
some of the computed individual steps bear some similarity
to calculated transformations in the literature, providing a
corresponding complement.*®> The present estimates were
obtained at the PW6B95-D3B]J/def2-TZVP,
SMD(PhMe)//B3LYP-D3/6-31G(d)-SDD(Co) level of theory.
Coordinatively unsaturated CpCo complexes were triplets,
all energetically favored over their corresponding singlet
states (see the Supporting Information). Energies are re-
ported in kcal mol! and distances in Angstroms. For a con-
tinuous energy diagram of Figures 1, 4, 6, and 8, and xyz
tabulations, see the Supporting Information.

18.9

CpCo(CO),

=

/CO\

Special Topic

Our estimates start with 1 and CpCo(CO), (-20.6 kcal
mol-'), which, upon irradiation, leads to decarbonylation to
form a reactant enyne complex RC-SYN-H. It features the
syn disposition of the alkenyl hydrogen to the metal and is
assigned a AG value of 0.0 kcal mol-! (Figure 1). The corre-
sponding diastereomer RC-ANTI-H (not shown) is less sta-
ble by 15.7 kcal mol-'. While such isomers are typically
close in energy,>5 here the constraints of the ether bridge in
the anti form obviate the favorable near parallel orientation
of the unsaturated fragments of the enyne ligand present in
the syn configuration. RC-SYN-H progresses via oxidative
coupling to a 16-electron triplet intermediate IN1-T, more
stable than RC-SYN-H by 11.3 kcal mol-! and with a free en-
ergy barrier of 18.9 kcal mol-! (TS1).

From IN1-T, coordination of the appended alkene can
engender four possible singlet stereoisomers IN1 in the var-
ious combinations of cis, trans, exo, and endo (Figure 2).
Here, cis denotes that subsequent ligated double bond in-
sertion would lead to triplet cis-metallacycloheptene IN2-T-
CIS with the tertiary hydrogen atoms positioned cis to each
other, while trans corresponds to the complex preceding
IN2-T-TRANS. Similarly, endo and exo refer to the orientation
of the ether linker between the complexed ene moiety and
the carbon backbone of the metallacycle, as in Diels-Alder
terminology. As shown in Figure 2, among the isomers of
IN1, the TRANS-EXO configuration is the most stable, fol-
lowed by CIS-ENDO (+0.1 kcal mol-!), CIS-EXO (+5.3 kcal
mol'), and TRANS-ENDO (+8.2 kcal mol-!). The origins of
the increasing destabilization along the series are difficult
to pinpoint and appear to be composed of incremental con-

IN2-T-CIS-1
=27.2
IN2-T-TRANS

Figure 1 Computed AG profile of the reaction of 1 with CpCo(CO), to give the cobaltacycloheptene intermediate IN2 (Cin Scheme 1)
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Figure 2 AAG values (kcal mol™') associated with the insertion of the
ligated double bond in the diastereomers of IN1 via TS2

tributions of increasing eclipsing, bond angle, and transan-
nular strain distributed over the entire framework, (see xyz
data in the Supporting Information). Interestingly, on sub-
sequent insertion of the ligated double bond into the Co-C
linkage, substantial reorganization of the associated energy
values occurs. The endo transition states are disfavored by
~10 kcal mol-! relative to their exo counterparts. Indeed, vi-
sually (see xyz data in the Supporting Information), the lat-
ter display pseudo-chair conformations of the forming hy-
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]
1.94 i
SUED g @)=
1.87% H 1.91
4 i

TS2-MODEL i TS2-TRANS-EXO-MODEL : TS2-CIS-ENDO-MODEL
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Figure 3 Models for TS2 featuring ethene

drofuran ring atoms and Co, whereas the former show
highly distorted corresponding arrays. As a result, the exo
structures exhibit a near parallel (optimal)°>®’” geometry of
the inserting alkene moiety and its target Co-Ca bond,
compared to their higher energy relatives (absolute dihe-
dral angles Co-Ca-CH-CH, in order of increasing energies:
5,2, 39, and 29°, see the Supporting Information).

To probe the extent to which the exo insertion path-
way is favored intrinsically, a model system featuring
ethene was computed, generating the structure represent-
ed by TS2-MODEL (Figure 3), in which the double bond
approaches from the opposite side of the tertiary hydro-
gen situated on the dihydrofuran moiety and is almost
perfectly aligned with the neighboring Co-Co bond (di-
hedral angle 0.5°).

The alternative did not produce a stationary point along
the potential energy surface. The structure and energy of
TS2-MODEL was then compared with those of truncated
TS2-TRANS-EXO and TS2-CIS-ENDO, in which the H,COCH,
linker had been removed: TS2-TRANS-EXO-MODEL and
TS2-CIS-ENDO-MODEL (Figure 3). It is evident in the tran-
sition state bond lengths and orientation of the incoming

IN3-ANTI

-11.4

IN3-SYN

Cp H
\C o, fo) fo)
Ve

IN2-T-CIS-2

IN2-T-TRANS
TS3RE-T-CIS
AG* = 21.8 kcal mol-! 2 IN4-SYN

TS3RE-T-TRANS
AG* = 22.1 keal mol™!

Figure 4 Hydride transfer from IN2 to render 1,3-butadiene complexes IN4 (IN4-SYN = 2)
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Figure 5 Distortions of the green-highlighted dihedral angles en route
from the two isomers of IN-2 to the respective transition states TS4

ethene that the trans-exo conformation is most similar to
TS2-MODEL, with a difference in electronic energy of only
0.5 kcal mol-!. Its endo counterpart enforces an unfavorable
trajectory of the double bond to the tune of 6.4 kcal mol-!,
accounting for most of the energy difference (10.1 kcal mol-!,
Figure 2) between TS2-TRANS-EXO and TS2-CIS-ENDO.
The additional increment of 3.7 kcal mol-' has its likely ori-
gin in torsional strain in the forming hydrofuran ring.>¢’
Accordingly, and returning to Figure 1, from IN1-T
(-11.3 kcal mol'), coordination of the double bond leads to
either IN1-CIS-EXO, located 1.0 kcal mol-! below the start-
ing point RC-SYN-H, or IN1-TRANS-EXO, for which the cor-
responding value is 6.3 kcal mol-'. From IN1-TRANS-EXO,
we reach TS2-TRANS-EXO (2.5 kcal mol-!) with an activa-
tion barrier of 13.8 kcal mol-! to form IN2-T-TRANS (-27.2

IN4-T-ANTI 3
IN4-ANTI

_497 CpCo.,,,'
IN4-SYN —_—
O O

Cp
Co, /)

H
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kcal mol-"). Alternatively, from IN1-CIS-EXO, we get to IN2-
T-CIS-1 (-27.1 kcal mol!) with a barrier of 13.3 kcal mol-!
via TS2-CIS-EXO (2.0 kcal mol-'). One notes that the two
lowest energy transition states TS2 toward IN-2 determine
the product stereochemistry in 2 (blue pathway) and its cis
relative (red pathway), as the associated exothermicities
(29-30 kcal mol-1) are larger than the energies of all subse-
quent steps (vide infra). The computed TS energy difference
is extremely small (0.5 kcal mol-'), actually slightly favoring
the minor cis product in silico, an incongruence that may be
ascribed to the inherent variability between computation
and experiment. This difference inverts, but is even smaller
in IN2, the trans isomer being more stable than its cis rela-
tive by only 0.1 kcal mol-.

The stage is now set for the next step of the overall
mechanism, namely B-hydride elimination. While irrele-
vant for IN2-T-TRANS, IN2-T-CIS-1 must undergo an enve-
lope flip® to access the hydrogen atoms on the opposite face
to form IN2-T-CIS-2 (-26.0 kcal mol-'), with the minor en-
ergetic cost of 1.1 kcal mol-! (Figure 1). The B-hydride elim-
inations take place through the trio of states TS3, IN3, and
TS4 to reach the very closely energetic IN4-ANTI (-48.8 kcal
mol-1) and the experimentally isolated IN4-SYN (2) (-49.7
kcal mol'), accompanied by a >40 kcal mol-! energetic drop
from TS4 (Figure 4). Here, syn denotes that the metal center
is bound to the ene-n frame from the same side as the Co-
methylene bridge (and eventual methyl group), while for
anti it is on the opposite face. For both trios, the energies
are very similar, the surfaces in this region are very flat, and
the relative energies of different species vary depending
upon whether E, H, or G are compared. Although there are
ripples on the surface, the hydride transfer to form IN4

IN5-SYN

IN6A-T-SYN

Figure 6 First double bond shift from exocyclic IN4 to endocyclic IN6A-T by hydrogen activation
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Figure 7 Relative energies of the hydride shift trajectory (INT) via the
internal diene bond in IN4-SYN (2)

occurs without a significant lifetime of the Co hydride inter-
mediate. Not surprisingly, reductive elimination of cobalta-
cycloheptenes IN2 en route to the corresponding fused cy-
clohexenes resulted in relatively higher triplet transition
states TS3RE-T-TRANS and TS3RE-T-CIS (-5.1 and -4.2 kcal
mol-!, for trans versus cis, respectively). Coordinative
involvement of the facing double bond was geometrically
thwarted.

The difference in transition state energies of 3.6 kcal
mol-! between TS4-SYN and TS4-ANT]I, in favor of the for-
mer and eventually ending in final furan 2, is the largest
along the entire reaction coordinate, warranting some
speculation as to its origin. Indeed, inspection of the green-
highlighted dihedral angles in Figure 5 indicates that reach-
ing TS4-ANTI entails a much larger structural distortion
(25.8°, starting from IN2-CIS-1) than the favored alterna-
tive (7.6°).

We are now ready for the evaluations of the series of hy-
dride shifts that aromatize the 3,4-bisalkylidene ligand in
IN4. As anticipated,?*? these proceed via allylic transposi-

1
éwb
[WAY o

Y ,,Co\

TS7-SYN

3 IN6B-T-ANTI

Special Topic

tions. To simplify the narrative, only the (blue) trail to the
final isolated product 3 will be described, since it parallels
closely that followed by the other isomer (red). It starts by
an 17* to n? change in coordination from IN4-SYN (-49.7 kcal
mol-') to the triplet terminal complex IN4-T-SYN (-48.3
kcal mol-1), slightly uphill by 1.4 kcal mol-! (Figure 6). The
regiochemical alternative shift to the internal double bond
(IN4-T-SYN-INT) is disadvantaged by an additional 5.5 kcal
mol-! (Figure 7).

From IN4-T-SYN, a 1,3-hydride shift takes place via C-H
activation through TS5-SYN (-26.3 kcal mol-!), with an en-
ergy barrier of 23.4 kcal mol~! from IN4-SYN. [The corre-
sponding step from IN4-T-SYN-INT requires 30.2 kcal mol-!
(TS5-SYN-INT, Figure 7)]. The result is the 18-electron allyl
hydride complex IN5-SYN (-32.7 kcal mol-'). The rate-de-
termining step for the double bond transposition is its re-
ductive elimination via TS6-SYN (-25.2 kcal mol-') with a
hurdle of 24.5 kcal mol-' from IN4-SYN to yield the triplet
intermediate INGA-T-SYN (-51.1 kcal mol-1). This computed
barrier is commensurate with the isolation of 2 when the
isomerization of 1 is run at 0 °C and the further conversion
of the former on heating. At this point (Figure 8), a hapto-
tropic shift to IN6B-T-SYN (-50.8 kcal mol-') is kinetically
accessible with an energetic expenditure of only 8.3 kcal
mol-' via TSIN6-T-SYN (-42.8 kcal mol-'). Renewed allylic
C-H activation requires 22.9 kcal mol-' to climb over TS7-
SYN (-27.9 kcal mol), resulting in allyl hydride intermedi-
ate IN7-SYN (-39.2 kcal mol-!). The final reductive elimina-
tion proceeds through TS8-SYN (-31.1 kcal mol-'), 8.1 kcal
mol-! uphill, to the triplet n?-furan complex IN8-T-SYN

H/ ~

3
IN8-T-SYN f//> ..... b
2CO0 5 cpCo(cO), © O

Figure 8 A haptotropic shift and second hydride transfer from IN6 to furnish eventually product 3
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(-59.3 kcal mol'), with an energy gain of 20.1 kcal mol-'.
To estimate the exothermicity of the overall conversion of 1
into 3, the regeneration of the catalyst with CO and extru-
sion of product was computed at -71.4 kcal mol-! relative to
the reactant complex RC-SYN-H, providing a AG, _ 5 value
of 50.8 kcal mol-'. The corresponding cis isomer is only 0.3
kcal mol-! less stable and its (red) path of formation from
IN4-ANTI is energetically very close to that resulting in 3.

Having established the qualitative and quantitative de-
tails of Scheme 1, computational attention turned to under-
standing the effects of structural variations in the order re-
ported in the experimental account.! The first to be ad-
dressed concerned the failure of 1,4-bis[(3-methyl-2-
butenyl)oxy]but-2-yne (1-Me,), in which 1 has been ex-
haustingly adorned with terminal additional methyl
groups, to undergo cycloisomerization. Instead, two mole-
cules of the starting material combine to couple the indi-
vidual triple bonds and one of the appended double bonds
to furnish the [2+2+2] cycloaddition product (Scheme 2).
Molecular models indicate qualitatively the severe steric
hindrance imposed by the methyl substituents on the initial
stages of the process. Indeed, computationally, attempts to
dock the external alkene unit to the CpCo in IN1Me,-T (Fig-
ure 9) did not locate a minimum, and further insertion via
TS2Me,-TRANS-EXO and TS2Me,-CIS-EXO, respectively,
resulted in considerably higher relative barriers (37.2 and
35.0 kcal mol-'), when compared to those for IN1 in Figure
2. Inspection of the calculated structures reveals several
destabilizing non-bonded interactions (<2.4 A separation)
of the hydrogens of the methyl substituents with those of
the remainder of the molecule.!® For TS2Me,-TRANS-EXO,
the closest such separation is 1.80 A, whilst for TS2Me,-
CIS-EXO, it is 1.92 A. Accordingly, it appears that the intra-
molecular insertion of the hindered alkene unit is thwart-
ed and the intermolecular implantation of the compara-
tively less hindered triple bond of a second molecule of
substrate takes over.

Intriguingly, removing two of the methyl groups from
1-Me,, as in 1-Me, (Scheme 3), reinstated the cycloisom-
erization pathway, which proceeded with complete regio-

O. CpCo(CO),
(0.43 equiv),
| | PhMe, A, hv, 6 h

46%

1-Me,

Scheme 2 Experimentally observed [2+2+2] co-cycloaddition of 1-Me,

Special Topic

TS2Me,-TRANS- TS2Me,-CIS-
INTMe, T o Exo
0 keal mol 37.2 keal mol™' 35.0 keal mol™!

Figure 9 Species derived from the interaction of CpCo with 1-Me,

o CpCo(CO), Q

(0.8 equiv), PhMe,
| | A, hv, 10 h

23% AN
o] 1% \ o]
H via || CoCp 55:45
| T

1-Me,

Scheme 3 Cycloisomerization of 1-Me, featuring B-hydride elimina-
tion of only the squared hydrogen in the cobaltacycloheptene inter-
mediate

selectivity, -hydride elimination engaging exclusively the
more hindered side.!

Gratifyingly, the experimental results were reproduced
computationally (Figure 10). Thus, both cis (blue) and trans
(green) cobaltacycloheptene intermediates IN2Me, show
energetically advantaged B-hydride transfer trajectories in-
volving the more hindered side, with IN2Me,-T-CIS necessi-
tating a ring flip to IN2Me,-T-CIS-2 before proceeding fur-
ther. A possible origin of this preference may be the longer
(and hence weaker) Co-CMe, bond relative to its Co-CH,
counterpart in IN2Me, (IN2Me,-T-CIS-2: 2.01 versus 1.97
A; IN2Me,-T-TRANS: 2.02 versus 1.97 A), although these
differences are small. Consideration of the dihedral angle in
the participant Co-C-C-H fragment of the various isomers
of IN2 and TS3, optimally 0°,%¢*!1 gives conflicting num-
bers. For IN2Me,-T-CIS-2: 46° (dimethyl side) versus 50°,
for IN2Me,-T-TRANS: 47° versus 38°. The corresponding
Co-H distances are 2.84 A (dimethyl side) versus 2.98 A and
3.02 A versus 2.91 A. Better consonance with the energetics
of Figure 10 is found for the dihedral angles in the transi-
tion states: TS3AMe,-CIS 3° versus TS3BMe,-CIS 4°, and
TS3AMe,-TRANS 1° versus TS3BMe,-TRANS 2°, but again
the variances are minor. The preceding analyses notwith-
standing, their conclusions are highly tentative, as they do
not take into consideration the changes in the remaining
molecular frame when comparing structures.

Turning to the unobserved exocyclic counterpart of the
above B-hydride eliminations involving the hydrogens of
one of the methyl groups of IN2Me, and leading to a
skipped diene topology, calculations reveal relatively higher
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Figure 10 Computational assessment of the B-hydride transfer steps in the cycloisomerization of 1-Me,

barriers (TS3CMe,-CIS: 19.4 kcal mol-! from IN2Me,-T-CIS
and TS3CMe,-TRANS: 18.4 kcal mol-' from IN2Me,-T-
TRANS) (Figure 10) than those of the favored transition
states TS3AMe,-CIS and -TRANS (AG* = 13.8 kcal mol!
from IN2Me,-T-CIS-2 and 15.8 kcal mol-! from IN2Me,-T-
TRANS, respectively).

Next to be examined was the regioselectivity observed
in the cycloisomerization of 1-Deoxy, which stops at the
stage of the deoxy analogue of 2, engendering 2-Deoxy syn
and anti (with respect to the positioning of the methyl sub-
stituent and CpCo, ratio 2:1), in turn derived from the cor-
responding trans- and cis-cobaltacycloheptene isomers,
and exhibits B-hydride elimination exclusively from the
non-oxygen containing ring (Scheme 4). Again, computa-
tions reproduce this preference (Figure 11), regardless of
the stereochemistry of IN2Deoxy (cf. the analogous trajec-
tory for IN2 in Figure 4). Accordingly, starting from IN2De-
oxy-TRANS, the favored transition state TS3ADeoxy that
leads to the observed regiochemistry has an activation bar-
rier of 14.3 kcal mol-!, while its disfavored counterpart
TS3BDeoxy is more energetic (15.9 kcal mol!). The reason
is plausibly of electronic nature (vide supra): the H,COCH,
linker is a much poorer electron donor than its (CH,); coun-
terpart and, therefore, cannot as effectively stabilize the
partial positive charge that develops on the B-carbon in the
transition state.'> IN2Deoxy-CIS (isoenergetic with its trans
isomer) follows a very similar trail.

A last experimental finding that was addressed compu-
tationally was the isomerization of the cyclohexane-fused
enynene 1Cy (Scheme 5). Here, while the furanyl linkage
showed the anticipated preference, if incomplete, for the
trans arrangement, the fusion stereochemistry of the addi-
tionally constructed octahydroindene portion emerged ex-
clusively cis. In other words, only two of the four possible
diastereomers are formed. In silico inspection of all poten-
tial pathways explains why energetically. The overall most
likely reaction trail is depicted in Figure 12 in blue. We start
with diastereomer S-RCCy (energy zero), so-labelled be-
cause it bears the relative S-configuration of the cyclohexe-
nyl substituent, while the allylic unit is bound to CpCo in

K

o CpCo(CH,=CH,), synor anti Q
(1 equiv), PhMe, to Co,
| | 0°C,1d
o: ;H =
via: ]| CoCp CpCo
1-Deoxy 2-Deoxy syn-Me, 58%

2-Deoxy anti-Me, 29%

Scheme 4 Cycloisomerization of 1-Deoxy featuring B-hydride elimina-
tion of only the squared hydrogen in the cobaltacycloheptene interme-
diate
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Figure 11 Computed B-hydride elimination of the cis and trans IN2Deoxy isomers

the favorable syn-H form (see Figure 1). This species passes
through the overall rate-determining S-TS1Cy with a barri-
er of 19.8 kcal mol-! to arrive at S-IN1Cy-T, downhill from
S-RCCy by 7 kcal mol-.

¢} CpCo(CO),

(0.8 equiv),
| | PhMe, A, hv, 5 h

éﬁ

H

1-Cy 3Cy (cis,trans), 47%
3Cy (cis,cis), 11%

Scheme 5 Conversion of 1Cy into two isomers of 3Cy

At this stage there are four possible ways by which the
dangling methylenecyclohexane can dock the cobaltacyclo-
pentene frame in S-IN1Cy: either syn or anti to the tertiary
hydrofuran hydrogen, featuring for each the options of
placing the more substituted (hindered) side of the double
bond either endo or exo. As already gleaned from an inspec-
tion of simple models,! the endo variants were too hindered
to be computationally tractable, leaving the sequences
shown in Figure 12. The lower energy option proceeds via
the product-determining S-TS2Cy-A (‘syn-exo’), with a bar-
rier of 14.1 kcal mol-! (from S-IN1Cy-T) to eventually ren-
der 3Cy (cis,cis), one of the experimental products. The al-
ternative (red) route requires 24.1 kcal mol' to travel
across S-TS2Cy-B (‘syn-exo’), and would end in the unob-
served 3Cy (trans,trans).

Turning to the almost isoenergetic (+0.2 kcal mol') di-
astereomer R-RCCy (Figure 13), the overall rate-determin-
ing activation hill (19.9 kcal mol) is essentially the same
as that for the S form and assembles the relatively more sta-
ble R-IN1Cy-T (-8.3 kcal mol-'). From here, the lower ener-

gy pathway (blue) via R-TS2Cy-A (9.4 kcal mol-'; ‘anti-exo’)
constructs the other experimentally isolated product 3Cy
(cis,trans). The unfavored alternative route (red) R-TS2Cy-B
(12.7 kcal mol-1; ‘syn-exo’) would lead to 3Cy (trans,cis) and
could not be computed beyond R-IN2Cy-B. Again, the endo
variants were too hindered to be computationally tractable.
As in the discussion of the results in Figures 2 and 3, a con-
tributing factor to the relative stability of transition states
S- and R-TS2Cy-A may be the near parallel (optimal)”112 ge-
ometries of the inserting alkene moieties and their target
Co-Co bonds (4 and 5°, respectively), compared to their
higher-energy relatives (12 and 13°).

To conclude, DFT appraisals have allowed the energeti-
cally and structurally detailed determination of the mecha-
nistic aspects of the title reactions. For the prototype con-
version of 1,4-bis(2-propenyloxy)but-2-yne (1), the two
tracks ending in trans-tetrahydrofuranylfuran 3 and its cis-
isomer are very close in energy (Figures 1, 4 and 6). Their
key features are preferential complexation of the double
bond in enyne complex RC in the syn-H configuration, fol-
lowed by a rate-determining early oxidative coupling step
via TS1, and stereoselective second double bond incorpora-
tion via TS2-EXO0 and -ENDO to generate the two cobalta-4-
cycloheptenes IN2-CIS and -TRANS, whose stereochemistry
is the origin of that in the final products. These species en-
ter into ready B-hydride elimination-reductive elimination
sequences to construct the relatively low energy CpCo-rj*-
dienes IN4-SYN (isolated as 2 at 0 °C) and -ANTL The subse-
quent cascade of hydrogen shifts exhibit TS6-SYN and -ANTI
as rate-determining and with energies commensurate with
the conversion of 2 into 3 at 80-100 °C. Overall, AG, - 3 =
50.8 kcal mol-'. The experimental observations of chemo-,
regio-, and stereoselectivity with modified versions of 1
were also nicely corroborated by computation. Accordingly,
1-Me, (Scheme 2 and Figure 9) was indeed too hindered to
be competitive with intermolecular [2+2+2] cycloaddition.
The regioselective transformation of 1-Me, (Scheme 3 and
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S-IN1Cy-B S-TS2Cy-B S-IN2Cy-B S-TS3Cy-B S-TS4Cy-B
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Cp (é)p ¥ A
~ 0. -
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H e 0
S-TS1Cy
S-TS2Cy-B
3Cy (trans,trans) —
o
8.4
S-TS4Cy-B
H S-TS4Cy-A
(o5
S-IN1Cy-T [O
3Cy (cis,cis) - '
S
+
H ¥
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o)
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S-IN1Cy-A S-TS2Cy-A S-IN2Cy-A S-TS3Cy-A S-TS4Cy-A

Figure 12 Abbreviated computed trajectory of the cyclization of 1Cy to give cis,cis 3Cy (blue) and its unobserved trans,trans (red) isomer

RIN1Cy-A R-TS2Cy-A R-IN2Cy-A R-TS3Cy-A R-TS4Cy-A

3Cy (cis,trans)

R-TS3Cy-A
R-TS4Cy-A

Figure 13 Abbreviated computed trajectory of the cyclization of 1Cy to give cis,trans 3Cy (blue). The red sequence (to the trans,cis isomer) could not

be extended beyond R-IN2Cy-B.
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Figure 10) could be traced back to bond strength and charge
considerations of the B-hydride eliminations emanating
from IN2Me,, the more substituted side winning out. Simi-
larly, 1-Deoxy, the cyclization of which stops at the stage of
complex 2-Deoxy (Scheme 4), prefers -hydride elimina-
tions away from the oxygen-containing ring due to the elec-
tron-withdrawing nature of the proximal heteroatom (Fig-
ure 11). Finally, the added stereochemical complexity intro-
duced by the presence of a stereocenter in 1Cy into the
cyclization manifold was scrutinized, providing a clear vali-
dation for the selectivity of its cycloisomerization (Scheme
5). Specifically, of the eight possible IN1Cy intermediates
and subsequent transition states TS2Cy, four were too steri-
cally compromised to be tractable by computation. Of the
remaining four, two were energetically clearly favored and
led to the two observed isomers (Figures 12 and 13).
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