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Abstract: We report the X-ray diffraction structure and thermal reactivity of the metalloenediyne compound
bis(1,2-bis(diphenylphosphinoethynyl)benzene)palladium(0) (Pd(dppEb)The structure ofl features a
tetrahedral Pd(0) center with four phosphorus atoms from two chelating ligands.—fihé-f° bond angles

nearly match the idealized 109.5eometry expected for aftimetal center in a tetrahedral ligand field. The
tetrahedral geometry of the metal center forces the alkyne termini separation of the enediyne ligand to a distance
of 3.47 A, which results in a thermally stable compound at room temperature. However, % 11&xhibits
solvent-dependent reactivity. lo-fluorotoluene, 1 decomposes via ligand dissociation, while @
dichlorobenzene, carbethalide bond activation of solvent occurs leading to the oxidative addition product
trans-Pd((2-chlorophenyl)diphenylphosphin€), and free (2-chlorophenyl)diphenylphosphine. The thermal
reactivity of 1 is markedly more endothermic (44 kcal/mol) than that of the known Pd(dppeah@logue

(12.3 kcal/mol). The diminished reactivity can be attributed to two factors: the increased alkyne termini
separation inl (3.47 vs 3.3 A) due to the metal-mandated tetrahedral geometry of the Pd(0) center, and the
resistance of the Pd(0) to adopting a planar transition state geometry to promote Bergman cyclization. Overall
this study demonstrates that metal binding can impose structural consequences upon the enediyne ligand governed
by the oxidation state and corresponding ligand field geometry of the metal center.

Introduction
The discoveries of the unique structural mdtifsand striking

molecules® The key feature of these natural products is the
1,5-diyne-3-ene unit that undergoes Bergman cyclization to form

antitumor activities of the enediyne antibiotics have spawned the potent 1,4-phenyl diradical intermedii€in the presence

extensive interest in the mechanign?s of these intriguing
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PPh, Ph, been reportetd*” to document the utility of transition metals
4 P for affecting enediyne cyclizations. Within this theme, our efforts
d MCl, :I d' \M have focused on preparing and structurally characterizing
M=Pd, Pt, Hg / metalloenediynes to investigate the limits to which enediyne
Y TS5 cyclization can be modulated and controlled. We are specifically
PPh, Ph, interested in determining the role of the metal center oxidation
d>d state and geometry in governing enediyne ligand disposition

and the activation energy for Bergman cyclization. To date, no
studies have been published comparing and contrasting the
effects of metal center oxidation state and geometry on enediyne
cyclization temperatures. Moreover, no crystallographic struc-
tures of enediyne ligands chelated to transition metals have been
elucidated to correlate detailed geometric features with thermal
Bergman cyclization reactivitie's.
Herein we report the X-ray diffraction crystal structure and

proaches have been explored to initiate Bergman cyclizationthermal reac'Fivity of a mqnonuclear Ppl(O) metalloeqediyne
of organic enediynes in a controlled manner. One of the comPound with two chelating 1,2-bis(diphenylphosphinoeth-

prominent themes to emerge from the original synthetic work ynylbenzene ligands (dppeb). The structure is the first example

was the empirical correlation between the alkyne termini pfametal-chelated enediyne compound and in conjunction with

separation distanced(= 3.2-3.31 A, Figure 1) and the its thermal reactivity serves as a key model for understanding
temperature for thermal cyclizatidrCorrelation of activation the fgctors that control metal-assisted Bergman cyclization
energies for Bergman cyclization with crystallographically reactions.

determined alkyne termini distances has shown in contrast no
direct relationship between distance and activation en&rgy.
Rather, differential molecular ring strain in the ground and  Materials. 1,2-Bis(diphenylphosphinoethynyl)benzene was prepared
transition states is proposed to be the dominant contribution to according to a literature procedure. Pd(dppe®s prepared according
the thermal barrier height for cyclic enediyne systems. More to a modified literature procedure for Pd(dppnid(PPE):Cl,, Pd(CH-
recent computational studies have confirmed the absence of arf°N):Clz, and Pd(CHCN).BF,; were purchased from Strem and used
exclusive relationship between alkyne termini separation and as received. All solv_ents were dried an(_j distilled e_lccordmg tc_) standard
activation enthalpy, and suggest that ring strain contributions Procedure except-dichlorobenzene which was dried oveA sieves

to the thermal barrier are indeed important to Beraman cvcliza- prior to use. 1,4-Cyclohexadiene was purchase from Aldrich and used
. . . _p_ 9 ycll as received.

tion reactivity2® However, ring strain is not the sole factor in

e oo 4 : . Physical MeasurementsA nitrogen atmosphere drybox was used
determining the activation barrier. Density functional results also ¢, aii air-sensitive manipulationsH, 3C{H}, and*'P{1H} studies

Figure 1. Modulation of the distanced] between alkyne termini of
the dppeb ligand by chelation to transition metal centers.

The ability to control formation of 1,4-phenyl diradical
intermediates characteristic of the enediyne antitumor antibiot-
ics?®31 leads to the potential for designing novel compounds
with pharmacological utility. To this end, a number of unique
synthetic3233 photochemicaf$;3*-38 and electrochemic# ap-

Experimental Section

suggest that if structural perturbations were to redife2.9- were performed on a Varian Unity 1400 spectrometieirand?3C{H}
3.4 A, cyclization should occur spontaneously (i.e. room spectra were referenced to the residual proton signal of the solvent,
temperature or below) baring very large olefin ring str&ift while 3'P{'H} spectra were referenced with an 85% phosphoric acid

Thus, althoughd may not be the exclusive contributor to the standard. Differential Scanning Calorimetry (DSC) measurements were
reaction coordinate, it appears to play a more coarsely definedmade on a TGA 910 DSC system with a TA Instruments thermal
supporting role in affecting enediyne cyclization temperatures. @nalyzer. Samples of Pd(dppebjere scanned at a rate of 10 min ™.
Recently, Buchwalet al. have shown that chelation of the Synthesis of Pd(dppeb) (1). dppeb (5 g, 0.01 mol) in 10 mL of
metal binding enediyne 1,2-bis(diphenylphosphinoethynyl)- benzene was added to 3.55 g (0.005 mol) of PdgBeh in 50 mL of

benzene. The solution was heated and stirred 4€60ntil dissolution
+ +
benzene (dppeb) to Pd PEY, and Hg" can modulate the (16 h). Without cooling, hydrazine was added dropwise until the

critical distance by using the metal as a scaffold to poise the gyjytion of gas ceased, resulting in a red solution with an orange
alkyne termini at a distance governed by the atomic radius of precipitate. The solvent was removed in vacuo, and then the residue
the ion (Figure 1}{5 Since this seminal work, remarkably few was dissolved in a minimum amount of gEl, (10 mL) and
examples of metal-assisted thermal enediyne cyclizations havereprecipitated in cold ethanol (50 mL). The solution was filtered, and
the solid collected and dried (yield: 50%). Crystals for X-ray diffraction
were grown from slow evaporation of GEl,.*H NMR (CD.Cl,): &

(31) Nicolau, K. C.; Dai, W.-MAngew Chem, Int. Ed. Engl. 1991, 30,
1387.

(32) Nicolaou, K. C.; Smith, A. L.; Yue, E. WProc. Natl. Acad Sci, 7.5-7.4 (m, 4H), 7.3 (br S, 16H), 7.0 (t, 8H), 6.8 (t, 16H)P{'H}
U.SA. 1993 90, 5881. NMR (CD:Cl): ¢ —5.6.13C{1H} NMR (CD.Cl,): 6 138.9, 134.0 (d,
(33) Maier, M. E.Synlett1995 13. 20 Hz), 132.1, 130.3, 128.9 (d, 18 Hz), 128.0, 127.3, 109.1, 96.5 (d, 9

(34) Wender, P. A.; Zercher, C. K.; Beckham, S.; Haubold, E.JM. Hz).

Or%ésc)hsglmﬁgrﬁa?&D?%K?allpana M.: Varghese, B.: Sankararamad, S Crystallographic Structure Determination for 1. A suitable crystal

Org. Chem 1996 61, 2247. of 1 was mounted with silicone grease, traqsfgrred to a goniostat, and
(36) Funk, R. L.; Young, E. R. R.; Williams, R. M.; Flanagan, M. F.;  cooled to 105 K for data collection. A preliminary search for peaks
Cecil, T. L.J. Am Chem Soc 1996 118 3291. followed by analysis using programs DIRAX and TRACER revealed
(37) Turro, N. J.; Evenzahav, A.; Nicolaou, K. Tetrahedron Lett1994
35, 8089. (45) Warner, B. P.; Millar, S. P.; Broene, R. D.; Buchwald, SStience
(38) Evenzahav, A.; Turro, N. J. Am Chem Soc 1998 120, 1835. 1995 269, 814.
(39) Magnus, P. J.; Carter, P. 8. Am Chem Soc 1988 110, 1626. (46) Konig, B.; Pitsch, W.; Thondorf, 0. Org. Chem 1996 61, 5258.
(40) Magnus, P.; Lewis, R. T.; Huffman, J. €.Am Chem Soc 1988 (47) Basak, A.; Shain, J. O.etrahedron Lett1998 39, 3029.
110 6921. (48) A search of the Cambridge Structure Database revealed no metal-
(41) Magnus, P.; Fortt, S.; Pitterna, T.; Snyder, JJ.Am Chem Soc loenediyne structures with chelating enediyne ligands. The closest structural
199Q 112 4986. analogues known are thecomplexed Os(Il) metatenediynetrans[Os-
(42) Snyder, J. PJ. Am. Chem. S0d.99Q 112 5367. (enk(n?-L)Br] "Br-, L = cis-1,6-bistrimethylsilyl-3-ene-1,5-diyne (Hase-
(43) Snyder, J. PJ. Am Chem Soc 1989 111, 7630. gawa, T.; Pu, LJ. Orgmet Chem 1997, 527, 287), and a bridging Pd(ll)
(44) Nantz, M. H.; Moss, D. K.; Spence, J. D.; Olmstead, M Avigew bisacetylide P& (PRs)4Cl,, L = o-diethynylbenzene (Onitsuka, K.; Yama-

Chem, Int. Ed. Engl. 1998 110 470. moto, S.; Takahashi, &Angew Chem, Int. Ed. Engl. 1999 38, 174).
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Scheme 1. Synthesis and Solid State Thermal Reactivitylof

p PPh, Ph, Ph;
P—=
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d=347A
A | (209 °C/ Solid State)
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P P ° P d °
- poes
P/ \F’ ° P \p °
Phy Ph, Pha Phy

a triclinic cell. The choice of space groli was later confirmed by of kops VS t. The activation energy for the decomposition Iofvas

the successful solution of the structure. Data processing produced aobtained from the slope of an Arrhenius plotigfsvs 1/T (R? = 0.95).

set of 9866 unique intensities and By = 0.029 for the averaging of B. o-Fluorotoluene. Thermal activation ol in o-fluorotoluene was
3876 of these which had been measured more than once. The structureonducted according to the procedure described above in subsection
was solved using a combination of direct methods (MULTAN 78) and A. At 115 °C the reaction went to completion within 24 h, while at
Fourier techniques. The position of the palladium atom was obtained lower temperatures, the reaction time increased from 2 to 7 days. The
from an initial E-map. The positions of the remaining non-hydrogen only products derive from decomposition of the starting compound
atoms were obtained from iterations of the least-squares refinementwhich yielded unreacted dppe®R{*H}: 6 —32.1 ppm).

followed by a difference Fourier calculation. There was evidence in

the difference maps for a molecule of @, solvent near a center of  Results and Discussion

symmetry at 0, 0, 0 and another3t /,, 1. In addition, these atoms Synthesis and Structure of 1.The dppeb ligand and the

were disordered because of their close proximity to a symmetry element. di lent Pd(d b d th
Eventually, two half-weight molecules were included. Hydrogens were corresponding zerovalen (dppebpmpound were synthe-

included in fixed calculated positions with thermal parameters fixed at Siz€d according to modified literature proceduies? Briefly,
one plus the isotropic thermal parameter for the parent carbon atom.2 €quiv of the ligand were reacted with Pd(Bf2@l in benzene
In the final cycles of refinement, the non-hydrogen atoms for the Pd to producel as an orange solid in 50% yield (Scheme 1). The
complex were varied with anisotropic thermal parameters that, with a compound is thermally stable (vide infra) and only mildly
scale and extinction parameter, gave a total of 659 variables. In the susceptible to air oxidation over a 24 h period in solution.
final difference map the largest peak was 1.8%lécated 0.7 A from The structure ofL features a tetrahedral Pd(0) center with
Cl(77), and the deepest hole wad.5 e/'&- ) four phosphorus atoms from two bound ligands that complete
Crystallographic Structure Determination for 2. The single-crystal the coordination sphere (Table 1, Figure 2). TheF—P bond
ij(.'ray diffraction experiments were performed on a Siemens P4/CCD 104 nearly match the idealized 109g8ometry expected for
iffractometer for2. Systematic absences and diffraction symmetry are o tal ter i tetrahedral i d field (Table 2). Th
consistent for the space groupd andP1. The E-statistics suggested a me al center in a tetrahedral igan . ield (Table 2). ,e,
the centrosymmetric option, which yielded chemically reasonable and MOSt important feature of the structure is the alkyne termini
computationally stable results of refinement. The structure was solved Separation distance = 3.47 A. Althoughd is comparable in
by the Patterson function, completed by subsequent difference Fouriermagnitude to the alkyne termini separation distance in the
syntheses, and refined by full-matrix, least-squares procedures. All non-enediyne antitumor antibiotic dynemicin A triacetade< 3.54
hydrogen atoms were refined with anisotropic displacement coefficients. A)53 and related synthetic analogues= 3.6—3.7 A) 83litis
The CHCI; solvate carbon atom is positionally disordered over an greatly reduced from the proposed free ligand distance of 4.1
inversion center. Hydrogen atoms were treated as idealized contribu- & 45 Thus, the structure documents the ability of the metal to
tions, except on the disordered carbon atom of theGT$olvate which reduce the alkyne termini separation from that of the free ligand

were ignored in the refinement but not in the global refinement e maintaining the thermal stability of the uncyclized bis-
parameters. All software and sources of the scattering factors are L
(chelate) for structure determination.

contained in the SHELXTL (5.10) program library (G. Sheldrick, . o .
Siemens XRD, Madison, WI). Several geometric characteristics observed in the structures
Thermal Reactivity of 1 in Selected Solvents. Ao-Dichloroben- of other enediyne motifs are also apparent in the structule of

zene.An NMR tube was charged with 20 mg of Pd(dppg!®) equiv The first of these is the-12° deviation from linearity of the
of cyclohexadiene as H-donor, and 0.5 mLoeflichlorobenzene. The ~ P—C=C bond angles. The structure of dynemicin A triacetate
sample was heated to 1F& for 24 h followed by3P{*H} NMR

analysis. |dentification of the reaction productteans-Pd((2-chloro- although all reagents used in the synthesis, purification, and characterization
phenyl)diphenylphosphingdl, (**P{*H} —5.1 ppm) @) was made by were the chloride halo-form. The structurez’quom !

7 - . ; . . pted elemental analyses
obtaining crystals of the dibromide anatbgia slow evaporation from  of all reagents used in the preparation and subsequent thermal reactivity of
CH,Cl,. The (2-chlorophenyl)diphenylphosphine ligai®)l {as identi- 1. Trace amounts of Brion were indeed found in Pd£(0.02%) and
fied by mass spectrometry HMRS (FAB)z296.1 (100) M and®*C- o-dichlorobenzene (0.05%) used despite the fact that all reagents were the
{*H} NMR (CDCl): & 139.1 (d, 26.9 Hz), 136.9 (d, 11.9 Hz), 135.7  highest purity CommefC'a"Vl available.

(d, 11.2 Hz), 133.9 (d, 21.7 Hz), 133.7 (d, 22 Hz), 129.9, 129.5, 129.0, ggg pramer, B. Personal %A%E?r:;?:gat\lggiyhe dron1988 7. 1875
128.6 (d, 7.4 Hz), 128.4 ((_j, 7.3 H_z). Psugdo-flrst-orlder rate constants (52) Stern, E. W.; Maples, P. K. Catal. 1972 27, 120.

for the decay ofl. were obtained by integration of tR#>{*H} resonance (53) Konishi, M.; Ohkuma, H.; Tsuno, T.; Oki, T.; VanDuyne, G. D.;
at—5.6 ppm as a function of reaction timg énd subsequently plotting Clardy, J.J. Am Chem Soc 199Q 112, 3715.

(49) Elemental analysis df reveals trace amounts (0.23%) of Bon
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Table 1. Crystallographic Data fot

formula Q;9H50C|2P4Pd
formula weight 1180.38
color of crystal yellow
crystal system triclinic
space group P1
a A 13.326(5)
b, A 21.332(8)
c, A 11.601(4)
o, deg 105.72(1)
B, deg 115.88(1)
y, deg 93.56(2)
Vv, A3 2793.42
z 2
Pcalcd g/cm3 1.403
T, K 105
A A 0.71069
R(Fo)? 0.070
Ru(Fo)? 0.073

AR= 73 |Fo| — Fal/X|Fol- ® Ry = [YW(|Fo| — |Fc)YwIFo|?]"% where
w = 1/62(|Fo)).

(@

(b)

Figure 2. (a) ORTEP of the X-ray crystal structure tf(hydrogen
atoms removed for clarity) as viewed down the 2-fold axis of a,PdP
tetrahedron. Phenyl rings labeled-& correspond to those with inter-
ring closest contact interactions. (b) Thermal ellipsoid pldt ghenyl
rings removed for clarity) illustrating the planarity of the enediyne
ligand and out-of-plane disposition (0.89 A) of the Pd(0) center.

J. Am. Chem. Soc., Vol. 122, No. 13, 28005

Figure 3. Thermal ellipsoid plot of2 drawn at 30% probability.
Hydrogen atoms and solvate molecules have been omitted for clarity.

Table 2. Selected Bond Distances (A) and Angles (deg)for

Pd-P(2) 2.3354(18) C(15)C(16) 1.195(8)
Pd-P(25) 2.3326(17) C(23)C(24) 1.175(9)
Pd-P(38) 2.3334(17) C(5BC(52) 1.197(9)
Pd-P(61) 2.3373(17) C(59)C(60) 1.206(8)
P(2)-Pd—P(25) 109.64(6) P(25)Pd-P(38)  110.99(6)
P(2)-Pd-P(38) 109.50(6) P(25)Pd-P(61)  109.42(6)
P(2)-Pd—P(61) 107.53(6) P(38)Pd-P(61)  109.69(7)
P(2-C(15)-C(16) 166.9(6)  C(15}C(16)-C(17) 169.4(8)

P(25)-C(24)-C(23) 167.7(6)
P(38)-C(51)-C(52) 167.3(6)
P(61)-C(60)-C(59) 167.6(6)

C(22}C(23)-C(24) 171.5(7)
C(55C(52)-C(53) 171.7(7)
C(58)C(59)-C(60) 169.0(8)

observed in the X-ray structure of dynemicin A triacetate (160
172°)%2 and synthetic analogues (16273).831 Additionally,
although some in-plane distortion of the enediyne ligand is
apparent in the structure df the alkyne carbons within each
ligand are nearly eclipsed revealing no out-of-plane bending in
the molecule.

Ligand—ligand steric contributions to the structure bare
also evident in the X-ray diffraction analysis as two different
interligand phenyl ring interactions are observed. The closest
contact derives from a coplanar slippeestacking interaction
at a 3.3 Ainter-ring separation between two phenyl groups (rings
A and B in Figure 2) bound to phosphorus centers P25 and
P38, respectively. Perpendicular to one of these partners (ring
A) is an additional phenyl substituent (ring C) from a third
phosphine (P61) of the PgRetrahedron at a 3.6 A closest
contact distance. Although these contributions to the structure
of 1 are likely small, they do suggest the potential for using
ligand—ligand steric interactions to influence the structure and
thermal reactivities of metalloenediynes.

Thermal Reactivity of 1. Compoundl is stable under
ambient conditions and only reacts at significantly elevated

as well as those of biomimetic enediyne analogues also exhibittemperatures. In the solid stateexhibits a single exothermic
bending of the sp carbon that links the enediyne bridgehead tophase transition at 208C (AH°® = 54.7 kcal/mol) consistent
the remainder of the molecule. In general, angles ranging from with the thermal cyclization of the enediyne ligands (Scheme

162 to 168 are observed in the structures of the antibfStic
and synthetic model&, suggesting that enediyne chelation to
the metal inl qualitatively reproduces the geometric disposition
of the alkyne termini within cyclic organic enediyne systems.
Also noteworthy are the comparable deviationsl(°) in the

1).5 No phase transition is detected in a second heating cycle
following sample cooling to room temperature, indicative of
an irreversible thermal reaction. In solutioh,is stable at
temperatures up to 100C over a 24 h period. Above this
temperature, the compound readily decomposes to solvent-

C=C-C angles of the enediyne skeleton, which are once againdependent products (Scheme 2). Heatind wf o-dichloroben-



3116 J. Am. Chem. Soc., Vol. 122, No. 13, 2000

Scheme 2. Thermal Reactivity ofl in Solution
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Table 3. Crystallographic Data fo2 Table 4. Selected Bond Distances (A) and Angles (deg)Zor
formula GsHzoBr,ClsP;Pd Pd—P(1)#1 2.350(2) C(BCQ) 1.389(16)
formula weight 944.57 Pd-Br(1) 2.4232(13) C(2rC(3) 1.39(2)
color of crystal pale brown plock Pd-CI(1) 3.416(4) C(3yC4) 1.35(2)
crystal system triclinic P(1)-C(18) 1.822(10) C(4)yC(5) 1.402(16)
space group P1 P(1)-C(12) 1.847(9) C(5)yC(6) 1.374(15)

a, 9.4510(2) P(1)-C(6) 1.838(10)

b, A 9.6419(2) P(1)#1-Pd(1>-P(1)  180.000(1) C(18)P(1)-C(6) 104.9(5)

c A 11.6018(3) P(1)#1-Pd(1)-Br(1) 88.08(7)  C(18YP(1)-C(12) 102.1(4)

a, deg 110.5270(9) P(1)#1-Pd(1-Br(1)#1 91.92(7) C(12yP(1)-C(6) 103.5(4)

B, deg 109.0990(9) Pd(1)-P(1)-C(18) 112.1(3)

y, deg 98.4086(12) Pd(1)-P(1)-C(12) 120.5(3)

vV, A3 893.99(4)

Zz 1,172 resulting Pd(Il) phosphide could then be stabilized by formation
Pcalcd g/crﬁ 1.754 A . . .

TK 193 of a mixed-valence Pd(0,ll) dinuclear complex in which the
/1,');\ 0.71069 phosphide occupies a bridging position. Subsequent oxidative
R(F)2 0.0827 addition of the arythalide at the Pd(0) center generates a
RwWF?)? 0.2059 species in which the aryl halide and phosphide can reductively

aQuantity minimized= RWwWF?) = [YW(F.? — FA/Y (WF2)FY% R
=SA/IY(F,), A = |Fo — Fc| wherew = 1/[0%(F¢?) + (aP)? + bP], P
= [2F2 + max(F,, 0)]/3.

zene at 118C for 2 h in thepresence of cyclohexadiene (CHD)
as an H-atom donor yields three products wWitR{*H} NMR
resonances at32.1,—10.6, and—5.1 ppm in a 1:3:1 ratio,
respectively. The farthest upfield chemical shift corresponds to
dissociation of uncyclized dppeb frofin The remaining oxi-
dative addition producttrans-Pd((2-chlorophenyl)diphenyl-
phosphine)Cl, (2, —5.1 ppm), which has been identified by
crystallographic characterization of the dibromide analogue
(Tables 3 and 4% and the corresponding free ligand (2-
chlorophenyl)diphenylphosphing,(—10.6 ppm);* derive from
aryl—halide bond activation of the solvent. The mechanism
responsible for the formation of these products is not efear
but may involve initial dissociation of dppeb from Pd(0) and
subsequent oxidative addition of the phosphinoacetylide yielding
phosphoruscarbon bond rupture. Within this framework, the

(54) Grim, S. O.; Yankowsky, A. WPhosphorus Sulfut977, 3, 191.
(55) Garrou, P. EChem Rev. 1985 85, 171.

eliminate to give the uncomplexed compouhdn contrast to
the solvent activation chemistry mdichlorobenzene, heating
of 1 in the more robust solvemtfluorotoluene at 113C for 2
h results in simple decomposition dto yield uncyclized dppeb
((1P{H} —32.1 ppm). No Bergman cyclization products are
detected under these reaction conditions.
Structure/Reactivity Correlation. Comparison of the cy-
clization temperature fot with that of the previously reported
Pd(dppeb)CGl analogue reveals a striking dependence of the
thermal barrier to cyclization on metal site geometry. The origin
of this reactivity originates from two convoluted geometric
factors: (1) the direct distance between the alkyne termini and
(2) the ability of the metal center to adopt a planar transition
state geometry leading to efficient Bergman cyclization. Ex-
perimental evidence for the first derives from thermal reactivity
studies of dppeb with metal chlorid&While the Hg+ complex
is reported to be unreactive due to a large alkyne termini
separationd = 3.4 A), the solid state thermal reactivities of
the Pd+ and P#" complexes show remarkable decreases in the
cyclization temperatures of the bound dppeb relative to uncom-
plexed enediyne (DSC: Pt 61 °C; P£", 81°C; dppeb, 243
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°C). In solution, the P4 complex has a half-life of 42 min at  consistent with the enhanced alkyne termini separation and the
35 °C, and the rate of cyclization can be measured at temper-resistance of the stable tetrahedral Pd(0) center to formation of
atures as low as 5C.%° The facile reactivity of Pd(dppeb)£| a planar transition state that would favor Bergman cyclization.
is partially reflective of the 3.3 A critical distance calculated In relation to Pd(dppebgly, this value is~30 kcal/mol more
for this compound, which compares favorably with organic endothermic, and nearly 20 kcal/mol more endothermic than
analogues exhibiting similar distances and thermal cyclization the nine-membered carbocyclic enediynes. Based on these
temperature$ Although crystallographic structure characteriza- results, we propose that the dramatic increase in the cyclization
tion of Pd(dppeb)Gl has not been reported, the® ®PE*" temperature ofl relative to the dichloride analogue results
geometry is expected to be square planar wittPE—P angles directly from the increased alkyne termini distancelifd =
close to 90. In this case, the ligand field geometry of the metal 3.47 A vs 3.3 A) caused by the increase in theFR—P angle
center governs the disposition of the bound enediyne causing aand the resistance of the ligand field stabilized tetrahedral Pd-
reduction in the alkyne carbon termini separation and a (0) geometry to bringing the alkyne carbons into close proximity
consummate lowering of the thermal barrier to cyclization. for o-bond formation in the transition staté.

In addition to influencing the alkyne termini separation of )
the enediyne, evidence for the importance of the specific metal Conclusion
center geometry to cyclization reactivity can be obtained by  Herein we report the unique X-ray crystal structure of a
comparison of activation energies for Bergman cyclization with chelated metalloenediyne compound and its corresponding solid
theoretically determined transition state structures. The activationstate and solution thermal reactivity. The tetrahedral geometry
energy for Bergman cyclization of Pd(dppgb) has been  imposed by the ¥ Pd(0) center forces the alkyne termini to a
determined experimentally to be a modest 12.3 kcalAhBbr rigid separation distance of 3.47 A. The ligand field stabilized
this process the dppeb ligand chelated to Pd can be viewed agjeometry of the metal center also inhibits formation of a planar
a nine-membered metallocycle where the ligand field geometry transition state that would bring the alkyne carbons into close
of the metal center controls the-Pd—P angle and consequently  proximity for o-bond formation. As a result of these geometric
the alkyne termini separation distance. However, that is not the influences 1 is remarkably stable with no propensity to undergo
only structural influence the metal ion has on the enediyne unit. Bergman cyclization. Our work demonstrates that metal binding
The geometry of the metal center also controls the overall can impose structural consequences upon the enediyne ligand
planarity of the nine-membered ring. This is an important governed by the ligand field mandated geometry of the metal
geometric consideration as density functional calculations for center. The thermal reactivity of such systems can thus be
nine-membered carbocyclic enediynes have shown that themodulated over a wide temperature range simply by judicious
transition-state structure for Bergman cyclization possesses achoice of metatligand geometry. Overall, this study provides
planar ring geometry with a reduced alkyne termini separation conceptual insights into opportunities for modulating enediyne
(1.96 vs 2.91 Ay® The model suggests that the square-planar reactivity using transition metals and leads to considerable
ground-state geometry of the Pd(ll) center in Pd(dppeb)Cl possibilities for designing novel metalloenediynes with potential
serves to more closely approach the transition state geometrybiological utility.
required for facile Bergman cyclization, thereby contributing
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be expected to exhibit a comparable or diminished activation JA9944094
bamer for Bergman Cy(,:hzatlon relative to the carbocyclic (57) It is impossible to rule out contributions to the activation energy
enediyne analogues. Sinck does not undergo Bergman for Bergman cyclization arising from steric clashes of the phenyl groups
cyclization in solution, an accurate measurement of the activa- on adjacent ligands during progression to the transition state. However,

i i i i sterically demanding tetrakis(diphenylphosphine) compounds of square-
tion energy for this process is not possible. However, a lower planar Pd(ll) are synthetically established, and the X-ray structure of Pd-

limit can be estimated by determining the activation energy for [gqppn},2+ documents the ability of four phenyl groups to adequately pack
the thermal decomposition dfin solution by NMR (Scheme  about a square-planar Pd(ll) center (Oberhauser, W.; Backmann, C.; Stampfl,

2). For this processs, has been determined to be 44 kcal/mol T-; Haid, R.; Briggeller, P.Polyhedron1997 16, 2827). Moreover, since

. - oss of dppeb is the initial step in the solution thermal reactivitylof
in o-dichlorobenzene by temperature-dependent rate constan ergman cyclized products arising from a Pd(0) monochelated intermediate

measurements. The activation energy for Bergman cyclization might be expected to form if phenyl ring interactions were inhibiting the
of 1 in solution must therefore be 44 kcal/mol, which is cyclization process at elevated solution temperatures. However, under these
conditions no Bergman cyclization products are detected thereby suggesting

(56) Koseki, S.; Fujimura, Y.; Hirama, ML Phys Chem A 1999 103 that steric contributions from phenyl ring interactions are not the primary
7672. factor in determining the activation energy for the reactivitylof




