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Density functional theory (DFT) has been used to study electronic perturbations induced by ancillary halogen
ligation within metalloenediyne constructs, and the subsequent affect upon thermal Bergman cyclization temperatures.
To isolate electronic from geometric components of Bergman cyclization thermodynamics, model diamine- and
diphosphine-enediynes (L = 1,6-diamino- or 1,6-diphosphino-cis-1,5-hexadiyne-3-ene) of Mn(ll), Cu(ll), Zn(1l), and
Pd(ll) with ancillary chloride ligands have been examined computationally and compared to more complex
ethylenediamine-based metalloenediyne frameworks of the form MLX, (X = Cl, Br, I; L = 1,4-dibenzyl-1,4-diaza-
cyclododec-8-ene-6,10-diyne) with distorted square-planar (Cu(ll)), Ty (Zn(ll)), and Dap, (Pd(Il)) geometries. In the
latter systems, the ethylenediamine linkage restricts the conformation of the enediyne backbone, causing the alkyne
termini separation to be nearly independent of metal geometry (3.75—3.82 A). Within the Zn(ll) family, steric effects
are shown to induce conformational changes on the cyclization potential energy surface (PES) prior to the Bergman
transition state, introducing distinct electron—electron repulsive interactions. Multiple metal and ligand conformations
are also observed on the Cu(ll) metalloenediyne cyclization PES. In contrast, square-planar Pd(ll) compounds
exhibit overlap between the out-of-plane halogen lone pairs and metal d orbitals, as well as the enediyne 5z system,
reminiscent of an organometallic “push—pull” reaction mechanism. These systems have significantly higher predicted

activation barriers toward cycloaromatization due to enhanced electron repulsion.

Introduction

The cooperative effects of enediyne geometry and electronic
structure upon the thermodynamics of Bergman cyclization have
a significant and complicated history in radical chemistry.
Generally, the activation barrier for cycloaromatization is related
to the terminal alkyne separation, also termed the critical
distance cd.'™* Given similar geometric structures and cd
values, previous work has shown that o-electron-withdrawing
groups at the diyl position increase the cyclization barrier, while
donating groups reduce it.’> In contrast, substitution at the
terminal alkyne with o acceptors or s donors (i.e., halogens)

enhances Bergman reactivity by decreasing the activation
barrier, while s-withdrawing and o-donor groups retard cy-
cloaromatization.®”® Recent work by Hoffman et al. has
broached the possibility of decreasing cd by replacement of the
=CH—, =CH, or —C= linkages within the enediyne backbone,
with isolobal 14 e~ or 15¢~ ML, fragments.g"1 In these
hypothetical organometallic complexes, the alkyne termini can
be drawn into proximity by engineering C—M—C and M—M—C
angles of ~90°. This compares to more traditional approaches
for controlling cd which include linking the terminal alkyne
carbons to form cyclic systems. In this latter instance, competi-
tive ring strain can contribute to cyclization thermodynamics,
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preventing a sound predictive relationship between cd and the
activation barrier in some cases.”™ Similarly, enediyne reactiv-
ity also can be modulated by chelation to a single metal center.
Here, the metal imposes its geometric preference upon the
enediyne ligand, thereby dictating cyclization energetics by
dynamically altering the ligand ring strain via the terminal
alkyne separation.'” In general, metal coordination of a chelated
enediyne ligand alters cyclization reactivity of the free ligand
geometrically, rendering thermal reactivity that resembles that
of cyclic organic analogues. However, the participation of metal
electronic structure and the ability of the metal ancillary ligands
to modify Bergman thermodynamics are reaction parameters
that have been virtually unexplored. This was highlighted by
our preliminary report of conformationally restricted metal-
loenediynes which exhibit a unique, electronically derived
perturbation of the cycloaromatization potential energy surface
(PES)."" There, single-point density functional theory calcula-
tions at the crystal structure geometries indicated that the
disposition of the ancillary metal ligands may increase the
activation barrier for Bergman cyclized products via through-
space electronic interactions with the enediyne s system.

In this work, we continue our initial theoretical study and
utilize two computational strategies to isolate geometric from
electronic contributions to the Bergman cyclization of
metalloenediynes. The role of the metal geometry has first
been systematically investigated by characterization of the
Bergman cyclization PES of MnLCl,, CuLCl,, ZnLCl,, and
PALCl, metalloenediynes with simple L =1,6-diamino- or
1,6-diphosphino-cis-1,5-hexadiyne-3-ene ligands. This test
set emphasizes the geometric contribution of the metal to
cycloaromatization, while facilitating study of the impact of
the ancillary halogen ligands upon cyclization solely via
through-bond effects. Experimentally characterized dihalo-
(1,4-dibenzyl-1,4-diaza-cyclododec-8-ene-6,10-diyne)M met-
alloenediynes (M = Zn(II), Cu(Il), and Pd(Il); X = Cl, Br,
and I) also have been examined for comparison.'"'> Though
more computationally intensive, the latter chemical series
isolates the electronic contributions of the metal and ancillary
halogen ligands because the ethylenediamine unit reduces
the ability of the enediyne to adopt conformations in response
to changes in metal geometry. The metal geometry does,
however, control the structural disposition of the metal—
halogen fragment with respect to the enediyne 7t system, and
as a result, a unique relationship is predicted between the
cycloaromatization thermodynamics, the relative size of the
halogen, and through-space electrostatic interactions between
the halogen and the enediyne st framework.
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Computational Methods

All geometries were optimized using the Gaussian 98 program,'?
with the unrestricted B3LYP'* combination of functionals. The
6-31G* basis set'> was applied to H, C, and N, while the
LANL2DZ'® basis set was used for P (with added diffuse
functions),'” Mn, Cu, Zn, Pd, Cl, Br, and I, with the LANL2
pseudopotential.'® The basis and pseudopotential for the metal and
P atoms takes into account relativistic effects. At the transition metal
centers, the high-spin Mn(II) d> and Cu(II) d° and the closed-shell
low-spin Pd(II) d® and Zn(II) d'° spin states were considered. Spin
contamination of the reactant and transition state wave functions
was negligible. Calculation of the open-shell, diradical intermediates
used the broken-symmetry, broken-spin (BS) approach of Noodle-
man'®72° and Yamaguchi, which allows for the a and 3 electrons
to be localized on separate carbon centers.>' This increased the
total molecular (S?) to near 9.75, 1.75, 1.00, and 1.00, for the Mn(II),
Cu(Il), Pd(Il), and Zn(Il) diradical intermediates, respectively.
Frequency analyses confirmed that geometries at energetic minima
were lacking imaginary vibrations, while transition states were first-
order saddle points with a single imaginary vibration corresponding
to the reaction coordinate. Thermal and zero-point corrections to
the total energy were taken at 7 = 298.15 K, using the harmonic
oscillator and frozen rotor approximations.

Model Metalloenediyne Complexes

In this series, cis-1,5-hexadiyne-3-ene (1la) has been
substituted at the alkyne termini positions with amine (—NH,,
2a) or with phosphine (—PH,, 3a) functionalities. Neither
2a nor 3a has been experimentally prepared; however, they
represent simplified models of comparable enediyne ligands
and are computationally useful because they lack the
structural flexibility imparted by larger systems. The distin-
guishing feature between the two species lies in the atomic
charges at the terminal alkyne carbons and in the relative
size of the heteroatom lone pair (LP) orbitals. The —NH,
group is predicted to be slightly electron-withdrawing (by
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Table 1. UB3LYP/6-31G*/LANL2DZ Thermodynamic Parameters for
the Bergman Cyclization of 1a—8a and the Metalloenediyne
Retrocyclization Pathways®

r6 AI‘Ft AGi TAS: Aern AGYX" TAern AEM:()J

Cycloaromatization

la expt®** 4.32%¢ 28 8+3

la 448 299 31.8 —19 3.9 6.5 —2.6

2a 454 293 332 —3.8 46 87 —42 1.1

3a 449 388 432 —44 193 233 —4.0 52

4a 359 289 312 —22 02 29 27 1.3

5a 358 304 315 —1.1 34 56 —1.8 0.9

6a 347 270 295 —25 —-19 1.0 —-29 1.2

7a 350 325 334 —09 127 141 —13 3.8

8a 321 263 283 —2.0 —24 —03 -—21 1.4
Retrocyclization #1

4b 28.7 283 05 —02 29 2.7

5b 26.6 259 0.7 —3.8 —5.6 1.8

6b 289 286 04 19 -1.0 29

7b 19.8 193 04 —12.7 —14.1 1.3

8b 28.7 28.6 0.1 24 0.3 2.1
Retrocyclization #2

4b —38 —64 2.6

5b 26.8 260 09 —43 =70 2.6

6b 28.1 275 0.6 —39 —65 2.6

7b 253 248 05 —25 =50 25

8b 277 272 0.6 —42 —64 22

“ Vertical singlet triplet energy gaps presented for the benzyne diradical
intermediates, AEn=0,1. l:Inergy units in kilocalories per mole, terminal

alkyne separation rjg in A.

0.1 e~ relative to 1a), while the —PH, fragment is similarly
electron-donating according to Mulliken** and Lowdin®?
population analyses. Though the geometries of the reactant,
the Bergman transition states (TSs), and diradical intermedi-
ates are essentially the same as in the unsubstituted species
(see the Supporting Information), the energetic parameters
associated with cycloaromatization are perturbed (Table 1).
Relative to 1a, both substituents have increased AG* and
the more endothermic AG,, of reaction due to an increase
in LP repulsion along the cyclization coordinate. Due to the
significant size of the phosphorus LP orbitals, 3a has a
pronounced increase in AG* of nearly 10 kcal/mol. In both
systems, it is difficult to deconvolve the impact of the
electron repulsion between the LP orbitals, which would
destabilize the TS and diradical intermediate, and any effect
imparted by electron donation or withdrawl at the terminal
alkyne carbon. Chelation to a metal center sequesters these
LP orbitals in directed bonding, potentially allowing the true
impact of electron donation or withdrawl to be assessed (in
the absence of ring strain contributions or MX, participation
in the thermodynamics).

Metalloenediynes 4a—6a are generated by the chelation
of 2a to MnCl,, CuCl,, and ZnCl, fragments, respectively.
Each structure is of C,, symmetry with a CI—M—Cl g, plane.
The open-shell Mn(IT) d> and Cu(II) d° centers have slightly
squashed tetrahedral geometries with nearly identical alkyne
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Figure 1. Key structural parameters of the UB3LYP/6-31G*/LANL2DZ
optimized enediyne and metalloenediynes 1a—8a, their Bergman cyclization
transition states, and the corresponding diradical intermediates 1b—8b.

termini distances (r} ) of ~3.6 A. In the closed-shell Zn(II)
d' gystem (6a), ideal T, symmetry about the metal is
approached with r 4 = 3.45 A (Figure 1). The remaining
enediyne structural parameters are remarkably similar be-
tween the free and chelated ligands, indicating that only ;¢
is perturbed by the metal scaffold. The cycloaromatization
TSs are characterized by puckering of the developing
C1—C6—N7—MS8-NO ring, and the electronic structure of
the ligand remains closed-shell, even in the presence of
nearby unpaired d electrons. A nonplanar ring structure is
similarly observed at the diradical intermediate. A modest
(0.4 kcal/mol) trend in the singlet—triplet state splitting of
the diradical is observed, AEst 4b > AEsr 5b > AEst 6b;
however, these values are near that of the free ligand diradical
intermediate, indicating only minor interaction between the
metal d electrons and the radical centers. These results are
in agreement with molecular orbital analyses which suggest
that the tetrahedral disposition of the metal and the structural
rigidity of the simplified ligand (which forces the metal to
lie in the plane of the enediyne) electronically isolate the
Mn(II), Cu(Il), and Zn(II) centers, validating the structure—
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reactivity correlation between the terminal alkyne separation
and Bergman cyclization thermodynamics.'* In accordance
with the trends in calculated 7 ¢ values, the free-energy order
of the activation barriers for Bergman cyclization is 6a (AG*
= 29.5 kcal/mol) < 4a (AG* = 31.2 kcal/mol) ~ 5a (AG*
= 31.5 kcal/mol). These values are similar to that observed
for a cyclic 10-membered organic enediyne (AG* = 27.8
kcal/mol, AGx, = 5.2 kcal/mol),”’28 owing to the compa-
rable separation distances between the alkyne termini (76
~ 3.39 A). Note, however, that these activation barriers are
within 2 kcal/mol of that of the free ligand. This implies
that there is little impact of 7, ¢ upon the thermodynamics
until a value of ~3.5 A is reached, at which point the energy
of the reactant begins to approach that of the TS with
decreasing distance between the terminal alkyne carbons.
Thus, ring strain contributions to the cyclization thermody-
namics are not apparent in these particular tetrahedral
systems, and given the electronic isolation of the —MCIl,
unit, it is therefore possible to compare the energetics of 1a
and the chelated analogue in order to independently assess
the impact of the electron-withdrawing character of the
—NH, unit without LP—LP interactions. Indeed, comparison
of the activation barriers for the metal complexes with 1a
indicates that the electron-withdrawing nature of the —NH;
unit does not significantly alter AG*.

In order for the model systems to be relevant to experi-
mental analogues, the Bergman cyclization path under study
must be rate-limiting relative to the two potential retrocy-
clization pathways (Scheme 1), as well as the subsequent
H-atom abstraction/addition steps. Investigation of the ret-
rocyclization PES reveals that the DFT activation barriers
for ring opening from the diradical intermediate via either
path 1 (the microscopic reverse of Bergman cyclization) or
path 2 are smaller than the forward cycloaromatization step
(Table 1). Further, H-atom abstraction from methane by
para-benzyne intermediates have reported AG* values be-
tween 10 and 15 kcal/mol.?®?° Thus, the cycloaromatization
path that has been studied for 4a—6a is likely rate-limiting
for the reactions that include Bergman cyclization, retrocy-
clization, and H-atom abstraction steps.

Square-planar metal centers have d, orbitals of the
appropriate symmetry to overlap with the enediyne 7 system

(27) Schreiner, P. R. J. Am. Chem. Soc. 1998, 120, 4184.
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2015.

Ta 8a

Figure 2. UB3LYP/6—31G*/LANL2DZ highest energy occupied in-plane
7 MO (. spin) of 7a—8a.

and could thus facilitate communication between the metal
and ligand. Indeed, benzannulated Pd(II) and Pt(II) metal-
loenediynes have been prepared with remarkably low Berg-
man cyclization temperatures (though it has been posited that
geometric effects dominated thermodynamics in those
cases).'” We have thus investigated metalloenediynes 7a—8a,
which are formed by the chelation of 3a and 2a to the PdClI,
fragment, respectively. In 7a, the long C—PH, bond lengths
(1.75 A) decrease the effect of the metal geometry on the
enediyne moiety and lead to a ri¢ (3.50 A) that is within
0.05 A of that observed for similar systems (Figure 1).'%>
No spatial overlap is predicted between the Pd d, Cl LP
orbitals and enediyne sv system (Figure 2), and the ligand
electronic structure is unperturbed according to Mulliken or
Lowdin population analyses. Though the electron-donating
ability of the —PH, unit is maintained in the metalloenediyne,
the absence of P—P LP interactions in the Pd complex
decreases the activation barrier by ~10 kcal/mol (AG* =
33.4 kcal/mol), and the enthalpy of reaction becomes less
endothermic by ~6 kcal/mol (AGx, =14.0 kcal/mol). Thus,
in the absence of any ring strain contributions to the
cycloaromatization thermodynamics, it appears that the
electron donation of the —PH, to the terminal alkyne
increases the activation barrier by ~2 kcal/mol.’

To further explore the energetic consequences of spatial
orbital overlap, we have computed the reaction pathway for
8a, which contains the bidentate diamine enediyne bound
to the PdCl, fragment. Here, short C—N bond lengths (77
= 1.37 A) allow the constricted ligand—metal bond angle
to decrease the terminal alkyne separation by 0.3 A relative
to 7a. Within the frontier MOs, the CI LP orbitals mix with
the in-plane enediyne st system (Figure 2), and significant
perturbation of the ligand electronic structure is indicated
by the atomic charges. The calculated Mulliken and Lowdin
charges are on average 0.4 e~ more positive than 2a at the
bond-forming carbons along the reaction coordinate. Interest-
ingly, AG* is only ~3 kcal/mol smaller than that calculated
for the Mn(Il), Cu(Il), and Zn(II) analogues, despite a
significant 0.4 A difference in the distance between the
alkyne termini (Table 2). This through-bond electronic effect,
arising from the ancillary halogens, is further illustrated by
examining the thermodynamics of cyclic 9- and 10-
membered enediynes. Here, the r; ¢ values are calculated to
be ~2.9 A and ~3.6 A, respectively, with AG* values of
~16 kcal/mol*” and ~28 kcal/mol (BLYP).?® On the basis
of the trend in activation barriers for these cyclic systems,
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Table 2. B3LYP/6-31G*/LANL2DZ Optimized Geometric Parameters
for Compounds 9—18¢

r'6 Q23 Wgo0,11 Ti24 203 Q3214
9a 4.00 (3.90) 175.1 170.9
9* 1.91 134.2 63.1
9b 1.44 127.7 63.1
10a 7; ZnCl, 3.80 (3.78) 171.5 604 228 235 1213
10i 3.79 171.5 64.1 228 236 121.2
10% 1.90 132.7 0.0 231 232 1334
10b 1.43 128.8 0.1 2.33 231 133.2
11a T, ZnBr; 3.80 (3.74) 174.4 60.7 252 245 1193
11i 3.78 174.3 656 253 244 1199
11 1.90 132.7 0.0 248 247 1312
11b 1.43 127.5 0.0 250 247 1314
12a T, Znl, 3.79 174.2 61.7 272 264 1168
12i 3.47 168.7 40.1 270 2.66 126.8
12% 1.90 132.7 0.0 2.68 266 1282
12b 1.43 127.4 0.0 269 266 1278
13a Dy;-ps CuCl, 3.81 (3.76) 174.4 51.1 240 2.39 93.2
13i 7, CuCl, 3.79 173.7 625 224 229 1340
13% 1.88 134.9 50.1 2.39 2.39 91.9
13b 1.44 129.5 323 239 239 91.6
14a Dy-ps CuBr, 3.82 (3.88) 174.6 528 253 253 91.0
14i T, CuBr; 391 173.4 52.8 244 247 94.8
14F 1.88 134.8 522 253 253 90.0
14b 1.44 129.5 484 253 2.53 85.6
15a Dyy-ps Culp 3.83 174.6 545 2,69 2.68 89.2
15i 7, Cul, 3.87 174.1 56.0 2.63 2.66 90.6
15% 1.88 134.9 53.1 2.68 2.68 88.5
15b 1.44 129.5 50.2  2.68 2.68 88.3
16a Dy, PdCl, 3.81 (3.82) 171.6 519 231 231 96.5
16i 3.79 171.3 625 224 229 1340
16¢ 1.91 132.7 294 230 229 97.7
16b 1.43 127.9 0.2 226 229 1469
17a Dy, PdBr, 3.82 (3.88) 172.0 53.1 247 248 93.2
17i 391 173.9 52.8 247 244 94.8
17¢ 2.01 137.8 532 249 244 93.8
17b 1.43 130.3 502 249 242 94.5
18a Dy, Pdl, 3.83 (3.86) 172.1 548 2.68 2.68 89.7
18i 3.87 172.7 56.0 2.66 2.63 90.6
18% 1.89 133.9 534 270 261 90.6
18b 1.43 130.3 50.1 2.68 2.61 91.9

“The local geometry of the metal center presented: 7y = tetrahedral,
Dyy-ps = distorted square planar, Dy, = square planar. Available experi-
mental values in parentheses.'” Bond lengths, terminal alkyne separation
(r16) in A, angles o and dihedrals w in degrees.

the AG* for 8a would be anticipated to be 3—4 kcal/mol
smaller than our calculated value.

Examination of the retrocyclization pathways of 7b indicate
a small free energy of activation along path 1 (Scheme 1, Table
1). This barrier is similar to what would be predicted for H-atom
abstraction by the diradical intermediate and may indeed lead
to the abstraction event becoming rate-limiting. For our
purposes, however, 7a merely serves to illustrate that the
forward cyclization is more favored than in the free ligand and
that the long distance between the metal and the terminal alkyne
carbons inhibits any electronic effect from the ancillary C1 LP
orbitals. Importantly, 8a exhibits energetics for the two retro-
cyclization pathways that ensure that the forward cycloaroma-
tization studied is rate-limiting and that the electronic influence
exhibited by ancillary halogen ligands justifies further study
using computationally intensive and experimentally viable
constucts.

Ethylenediamine-Based Metalloenediyne Complexes

The synthesis and reactivity of the ligand (L) 1,4-dibenzyl-
1,4-diaza-cyclododec-8-ene-6,10-diyne (9a) and its CuX,,
ZnX,, and PdX, (X = Cl, Br, I) complexes are discussed in
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Figure 3. Ethylenediamine-based metalloenediyne complexes, with num-
bering scheme (Ph = phenyl).

a companion manuscript (Figure 3).'> The most notable
feature of the metalloenediyne complexes is that the biden-
tate, ethylenediamine unit constrains the ligand such that the
terminal alkyne separation and enediyne conformation are
nearly independent of the structural preference of the metal.
Comparison of a series of MLX, compounds (M = Cu(Il),
Zn(II), Pd(IT)) indicates large deviations in the temperatures
for Bergman cyclization using differential scanning calo-
rimetry (DSC). The ethylenediamine further poises the metal
above the plane of the enediyne, facilitating an electronic
perturbation whose energetic consequences may be inferred
from observations that the distorted square-planar Cu(II)
dihalogen complexes have Bergman cyclization temperatures
that only modestly depend upon X, while the tetrahedral Zn
complexes show marked dependence upon the ancillary
halogen ligand.'?

An X-ray structure and DFT calculations of ligand 9a
reveal that the ethylenediamine linkage in the free ligand
adopts a trans conformation (Table 2). The enediyne
backbone lies perpendicular to the ethylenediamine plane,
and thus the alkyne termini are forced to a separation distance
(r16) of 4.00 A @390 A exptl). The DFT cycloaromatization
TS is characterized by the constriction of @ 3, which forces
the ethylenediamine to rotate to an approximate cis confor-
mation and lie below the plane of the enediyne framework,
a conformation that is retained in the diradical intermediate
9b. The calculated free energy of activation is 37.9 kcal/
mol, while AG, is 16.9 kcal/mol (Table 3). The entropic
cost of the trans to cis rotation is minimal, such that TAS? is
—1.1 kcal/mol and TAS,, is —2.0 kcal/mol. Although this
reaction is predicted to be endothermic, the two subsequent
H-atom abstraction steps drive the reaction, and cyclized
products have been characterized.'? DSC reveals an exotherm
associated with Bergman cyclization at 170 °C (Table 3).

In the first series of ethylenediamine-based metalloene-
diynes, 9a is chelated to the following metal fragments: ZnCl,
to form 10a, ZnBr, to form 11a, and Znl, to form 12a. Here,
ligand chelation and the d'° electronic configuration of the
Zn(Il) lead to a tetrahedral disposition of the N,Cl, ligand
set about the metal core. As a consequence of chelation, the
ethylenediamine bridge adopts an approximate cis conforma-
tion (wso9,10.11 ~ 60°), which is also reflected in the X-ray
structures of these compounds. The relative rigidity of the



Metal-Mediated Enediyne Cyclization

Table 3. UB3LYP Thermodynamic Parameters for the Bergman Cyclization of 9a—18a, the syn — anti Rotation of the Phenyl Rings in the Zn(II)
Complexes 10a—12a, and the Transformation of Local Metal Geometries in the Cu(Il) Complexes, 13 — 15 (D4;-ps = distorted square planar; 7y =

tetrahedral)®
6 DSC oC12 AH* AGi TAS: Aern Aern TASrm AE M:()ylv AE M:(),]adz98

9a 4.0 170 36.9 37.9 —1.1 14.9 16.9 —2.0 2.1
10i 3.79 207 385 39.2 —0.7 13.9 14.9 —1.0 1.6 1.3
11i 3.78 154 37.1 37.8 0.7 12.8 143 —-15 22 1.3
12i 3.47 144 28.3 29.5 —1.2 43 6.9 —2.6 1.7 1.2
13i 3.79 141 39.1 41.0 —-1.9 12.2 15.2 —3.1 1.0 0.9
14i 391 144 42.6 43.7 —1.1 18.8 19.9 —1.0 0.1 0.01
15i 3.90 NA 46.3 47.1 —0.7 19.8 21.6 —1.8 0.4 0.02
16a 3.81 226 51.7 51.6 —0.04 249 25.6 —0.1 1.3 0.9
17a 3.82 212 53.8 52.2 —0.4 25.0 25.8 —0.8 0.9 0.9
18a 3.83 196 52.1 52.4 —0.4 25.2 259 —0.7 1.0 0.9
10a — 10i 0.7 0.6 0.1
11a — 11i 1.6 1.8 —0.2
12a — 12i 10.2 9.3 0.9
13a ( Dyy-ps) — 13i (T)) 113 9.4 1.9
14a (Dy-ps) —14i (Ty) 5.9 4.9 1.0
15a (Dyy-ps) —15i (Ta) 5.5 3.5 2.0

“ Vertical and adiabatic (corrected for ZPE and 298 K) singlet—triplet energy gaps for the metallobenzynes, AEyi=o,1", and AEy=o, 124298 also presented.
Energy units in kilocalories per mole, terminal alkyne separation, r 6, in Angstroms.

10b, 12b

Rxn. Coord.

Figure 4. HOMOs of the starting reactant, intermediate, Bergman
cyclization TS, and para-benzyne diradical intermediate for compounds 10
(blue), 11 (purple), and 12 (red). The associated free-energy differences,
AG, in kilocalories per mole.

ligand is highlighted by the minor ~0.2 A decrease in
terminal alkyne separation upon the chelation of 9a to ZnX,
(Table 2), which agrees well with the 0.1—0.16 A experi-
mental range. Thus, the general conformation of the enediyne
ligand and metal center is essentially identical for the
dichloride, dibromide, and diiodide complexes. Further, the
ethylenediamine bridge causes one of the ancillary halogen
ligands to lie directly above the plane of the enediyne ligand,
and the C;—Cs Bergman cyclization reaction coordinate.
When X = CI, the halogen is 3.28 A above the center of the
1,5-hexadiyne unit, r13,z,30 and “through-space” interactions
are observed between the Cl LP and enediyne s orbitals
(Figure 4, 10a and 12a) causing a disparity in calculated
Zn—Cl bond lengths (ri253 = 2.28 A: rip14 = 2.35 A) in
agreement with the X-ray structure.'> A systematic increase
in ry3, is observed from 3.28 A in 10a to 3.42 A in 11a to

(30) This distance was determined by considering the right triangle formed
by Cl13, C6, and a point along the C1—C6 line such that: r3, = ri36
(sin Q16,13)-

3.60 A in 12a, although the disparity in Zn—X bond lengths
persists along the series owing to a commensurate increase
in the size of the halogen LP orbitals (Table 2).

The cyclization TSs of the dihalogen compounds are
characterized by conformations of both of the phenyl rings
that are syn relative to the metal (Figure 4). This is in contrast
to the experimental and DFT reactant conformations, which
have one ring syn and one anti. Initially, we proposed that
the phenyl ring rotation was induced by the closing benzyne
ring; however, after further investigation, it appears that, for
steric reasons, both phenyl rings must be pointing away from
the ligand in order to reach the TS. This is confirmed by the
optimized intermediate structures 10i—12i, which have both
phenyl rings in a syn conformation about the metal and lie
0.68, 1.83, and 6.83 kcal/mol above the global reactant
minima, respectively. The TSs associated with rotation were
not successfully optimized; however, since the relative
energies of the intermediates increase going down group VII,
the respective activation barriers for the conformational
change also likely follow the trend ZnLCl, < ZnLBr, <
ZnLI,. Electron repulsion between the halogen LP and the
phenyl rings is one explanation for the disparate energies of
the intermediate structures. In the cases of 10i and 11i, the
interaction is end-on (LP-o0) with the phenyl H atoms, which
are ~2.5 A from halogen atom 14. In contrast, 12i exhibits
a LP interaction with the phenyl 7z system because the rings
are oriented parallel to the ancillary iodide (Figure 4, inset).
This repulsive interaction is combined with a significant 0.3
A decrease in the alkyne termini separation relative to
10i—11i, leading to a net increase in the relative energy of
the diiodide intermediate.

Intrinsic reaction coordinate calculations (IRC) confirm
that the Bergman cyclization TSs are approached from the
conformational intermediates 10i—12i. In general, the Berg-
man TS geometry is characterized by the rotation of the ZnX,
unit away from the enediyne ligand as the ethylenediamine
bridge rotates from wg g 10,11 ~ 60° to ~ 0°. The net result is
an increase in the distance between the halogen and enediyne
plane, which precludes any “through-space” interaction
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Figure 5. Free-energy differences, AG (kcal/mol), of structures along the
Bergman cyclization PES of 13.

between the halogen and the enediyne 7 orbitals (Figure 4)
and causes equivalent Zn—X bond lengths at the TS.
Interestingly, the energy differences between the starting
reactants 10a—12a and the cycloaromatization TSs (10%—12%)
are all nearly identical (39.2, 38.7, and 38.5 kcal/mol,
respectively), while the activation barriers from the inter-
mediates 10i—12i exhibit a large variation: 10i, AG* = 39.2;
11i, AG* = 37.8; 12i, AG* = 29.5 kcal/mol. Thus, the
thermodynamic trend in activation barriers as the intermedi-
ates (10i—12i) go to the Bergman TSs (10¥—12%) is consid-
ered to be due to the varying degrees of destabilization at
the intermediate structures (Figure 4).

At the diradical intermediate, the benzyne ligand has nearly
identical structural parameters along the halogen series, and
no “through-space” interaction is observed between the
metal—halogen unit and the ligand. The trend in reaction
energetics (10i, AG, = 14.9 kcal/mol; 11i, AG,, = 14.3
kcal/mol; 12i, AGy, = 6.9 kcal/mol) qualitatively agrees with
that of the experimental DSC temperatures associated with
the Bergman cyclization of 10a—12a (Table 3) and may be
attributed to differences in the relative energies of the
pretransition state intermediates (Figure 4). The observed
DSC temperature of 10a is 207 °C, while that of 11a is 154
°C, and that of 12a is 144 °C. Thus, the net 60 °C variation
in DSC temperatures across the Zn halogen series appears
to correlate to a ~10 kcal/mol difference in the computed
free energies of activation.

DFT calculations on the CuLLX; (X = Cl, Br, I) metalloene-
diyne complexes of 9a, labeled 13a—15a, respectively, reveal
that the Cu(Il) metal center adopts a distorted square-planar
geometry that is common to four-coordinate cis-CuN,Cl,
structures (Figure 5).*! Generally, the predicted geometries are
somewhat closer to being square-planar than in the X-ray
structure; however, the structural rigidity of the ethylenediamine
backbone facilitates good agreement between the theoretical and
experimental values for the terminal alkyne separation.'* The
approximate square-planar disposition of the Cu(Il) center places
the halogens above the —NH, groups of the ethylendiamine
bridge, leading to enediyne s orbitals that are unperturbed
relative to the free ligand. Metal—halogen bond lengths increase
going down group VII, but the M—X bond lengths are
equivalent in each complex. Thus, no structural or electronic
trends are observed in the Cu(I) metalloenediyne reactants that

(31) Benites, P. J.; Rawat, D. S.; Zaleski, J. M. J. Am. Chem. Soc. 2000,
122, 7208-7217.
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would form a basis for deviations in Bergman reactivity in this
series. Interestingly, the computed vibrational data for the
square-planar reactants indicate low energy modes that cor-
respond to distortion of the Cu(Il) center toward a tetrahedral
geometry. This prompted us to initiate the geometry optimiza-
tion of the Cu(Il) reactants with 7,; metal centers in order to
assess the structural stability of tetrahedral Cu(II) reactants. The
analysis resulted in the optimization of approximately tetrahedral
MLX, intermediates 13i—15i, which are further characterized
by rotation of one of the phenyl groups such that one ring is
syn and the other anti relative to the metal. The dichloride Ty
intermediate is 9.4 kcal/mol higher in energy than the square-
planar isomer, while the dibromide and diiodide intermediates
are 4.9 and 3.5 kcal/mol higher in energy, respectively.

Following the cyclization paths from the tetrahedral inter-
mediates leads to Bergman TSs that are characterized by
distorted square-planar metal centers, but that have the same
phenyl group rotation. IRC calculation connects 13i—15i with
the distorted square-planar Bergman TSs (13¥—15%) having free
energies of activation of 41.0, 42.6, and 46.3 kcal/mol,
respectively. The modest increase in AG* along the Cu(Il)
halogen series may be attributed to two factors. Going down
group VII, the energies of the near 7, intermediate structures
sequentially decrease relative to the distorted square-planar
reactants. Presuming that the relative energies of the TSs are
constant, this would increase the activation energy along the
halogen series. Second, a 0.1 A increase in alkyne termini
separation is observed at the intermediate structures, which
should stabilize the pseudo-7} intermediates relative to the more
distorted, square-planar TS structures. These data qualitatively
agree with the experimental trend in DSC cyclization temper-
atures for 13a—14a, which exhibit exothermic peaks at 141 and
144 °C, respectively. Unfortunately, the diiodide analogue was
not able to be prepared experimentally, and DSC data are
unavailable.

The diradical Bergman product of the CuLCl, compound is
characterized by a pseudo square-planar metal center,** while
the CuLLBr, and CuLl, diradical intermediates have local metal
geometries that are near 7. Variations in the metal conformation
do not affect the free energies of reaction from 13i—15i, which
have only a 5 kcal/mol deviation along the halogen series: AGix,
= 15.2, 19.9, and 21.6 kcal/mol, respectively.

In contrast to the 7, metal geometry of the Zn(II)
complexes, which have been found to induce “through-space”
interactions between the enediyne 77 and halogen LP orbitals,
and the distorted square-planar geometry of the Cu(Il)
metalloenediynes, which have relatively no electronic influ-
ence upon the enediyne ligand, the square-planar Pd(II)
center investigated in the final metalloenediyne series has
the potential to participate in “through-bond” interactions
with the ligand owing to the symmetry and size of the metal
d orbitals. Here, 9a is chelated to fragment PdLCI, to form

(32) It should be noted that a second cycloaromatization PES was found
that had a syn configuration of the phenyl rings relative to the metal
center. However, this cyclization path had a higher activation barrier
and more endothermic reaction energy than the path that had an anti
conformation of the phenyl units. Interestingly, the syn conformation
leads to a Cu(Il) metal geometry that is truly tetrahedral, while the
anti favors a pseudo-7; metal center.
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Figure 6. Highest occupied ligand-centered o orbitals of 16a—16b.

16a, PdBr; to form 17a, and PdLI, to form 18a. The reactant
geometries are in good agreement with the X-ray structure, '
having deviations in bond lengths by 0.01 A and in bond
angles by 1—2°. The phenyl rings adopt similar conforma-
tions to the Zn(Il) analogues; however, the square-planar
disposition of the metal above the plane of the enediyne
causes the halogens to be oriented on either side of the ligand,
rather than pointing directly above the enediyne st system.
The size and symmetry of the Pd d orbitals, as well as the
disposition of the halogen ligands, facilitate mixing of the
halogen LP and metal d orbitals with the localized enediyne
7 orbitals, as seen in Figure 6. This orbital description is
reminiscent of the organometallic “push—pull” mechanism
of the model metalloenediyne 8a and has similar dramatic
consequences on the energetics of cycloaromatization for the
series of Pd analogues.

The transition states 16¥—18* notably have the same phenyl
ring conformation as the reactant, with one ring syn and one
anti relative to the metal center. IRC analysis confirms that
the Bergman cyclization TSs are directly connected to
16a—18a, with no intermediate structures present on the PES.
The ligand TS conformation is similar to that of the Zn(II)
transition states discussed previously, with the exception of
slightly smaller r; ¢ values and ethylenediamine bridges that
maintain an approximate cis conformation with wsgg 10,11 ~
50° instead of ~ 0°. Importantly, the TS molecular orbitals
do not exhibit mixing of halogen LP and metal d orbitals
because the localized frontier orbitals of the enediyne TS
are o in nature and not st (Figure 6). The electronic isolation
of the PALX, unit is maintained at the diradical cycloaro-
matized products 16b—18b, whose ligand conformations are
nearly identical to the Zn(II) systems, with the exception of
the dihedral angle of the ethylenediamine unit.

Since the starting geometric parameters of the ligand along
the PES are most similar to those of the Zn(II) complexes
discussed above, the distinctive “through-bond” 7 delocal-
ization in the Pd(II) reactants is likely responsible for the
~10 kcal/mol increase in activation energy relative to
10a—12a. A similar argument may be invoked for the free
energy of reaction, which is ~10 kcal/mol more endothermic
than in the Zn(Il) derivatives. The “through-bond” nature
of the electronic perturbation appears to have a larger
influence upon Bergman cyclization thermodynamics than
the “through-space” interaction observed in the Zn(II) halide
series. This computational result qualitatively agrees with
the experimental DSC temperatures associated with Bergman
cyclization, wherein the Pd(II) compounds have significantly

16b

higher DSC temperatures than the Zn(II) metalloenediynes.
The Pd(II) metalloenediyne temperatures range from 196°
to 226°, while the Zn(II) metalloenediyne temperatures range
from 144° to 207°. We also note that the relatively constant
DSC values for the Pd(II) halogen series are reflected in the
nearly identical values for the free energy of activation. This
is in contrast to the ~60° variation in the DSC temperatures
in the Zn(Il) halogen series, which corresponds to a ~10
kcal/mol difference in the computed activation barriers.

Conclusion

In order to isolate electronic from geometric components
of Bergman cyclization thermodynamics, model diamine—
and diphosphine—enediyne Mn(II), Cu(Il), Zn(II), and Pd(II)
dichloride compounds have been examined, in addition to
more complex ethylenediamine-based metalloenediynes
MLX, (X = Cl, Br, I) of distorted square-planar (Cu(Il)),
tetrahedral (Zn(Il)), and square-planar (Pd(Il)) geometries.
Within the simplest metalloenediyne constructs, the tetrahedral
systems were found to be electronically isolated from the
enediyne ligand. Here, thermodynamic trends were most similar
to organic nine-membered ring systems. In contrast, the ancillary
halogens of the Pd(II) compounds were found to alter the
energetics of cycloaromatization via a “through-bond”” mech-
anism. Through-bond electronic perturbation of the enediyne
ligand by ancillary halogen ligands was also observed in the
ethylenediamine-based PdLX; systems. In both cases significant
increases in cyclization activation barriers were observed. The
conformational flexibility of the ethylenediamine—enediyne
ligand further allowed for through-space interactions between
the ancillary halogen ligands and the enediyne sz framework
(e.g., ZnLX, compounds). Here, modulation of the distance
between the halogen and the enediyne moiety led to distinct
trends in activation barriers along the dichloride, dibromide,
and diiodide series. Conformational changes within the phenyl
ring orientations also introduced steric and electronic repulsive
interactions at the Bergman cyclization TS, increasing the
activation barrier for the Zn(I) compounds as a set, relative to
their Cu(I) analogues.
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