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Abstract: The substitution chemistry of olefin complexes (silox)sM(ole) (silox = BusSiO; M = Nb (1-ole),
Ta (2-0Ie); ole = C2H4 (as 13C2H4 or C2D4), C2H3Me, CzHgEt, CiS-Z-C4Hg, /SO-C4H3, C2H3Ph, CC5H3, CCeHm,
°C;Hs0 (norbornene)) was investigated. For 1-ole, substitution was dissociative (AGgss), and in combination
with calculated olefin binding free energies (A G°ying), activation free energies for olefin association (A G*assoc)
to (silox)sNb (1) were estimated. For 2-ole, substitution was not observed prior to rearrangement to
alkylidenes. Instead, activation free energies for olefin association to (silox)sTa (2) were measured, and
when combined with AG°ying (calcd), estimates of olefin dissociation rates from 2-ole were obtained. Despite
stronger binding energies for 1-ole vs 2-ole, the dissociation of olefins from 1-ole is much faster than that
from 2-ole. The association of olefins to 1 is also much faster than that to 2. Linear free energy relationships
(with respect to AG°uing) characterize olefin dissociation from 1-ole, but not olefin dissociation from 2-ole,
and olefin association to 2, but not olefin association to 1. Calculated transition states for olefin dissociation
from (HO)sM(C2H4) (M = Nb, 1'-C,Hg4; Ta, 2'-C,H,4) are asymmetric and have orbitals consistent with either
singlet or triplet states. The rearrangement of (silox)sNb(trans-Vy,Ph-¢Pr) (1-VyPh°Pr) to (silox)sNb=CHCH=
CHCH,CHPh (3) is consistent with a diradical intermediate akin to the transtion state for substitution. The
disparity between Nb and Ta in olefin substitution chemistry is rationalized on the basis of a greater density
of states (DOS) for the products (i.e., (silox)sM + ole) where M = Nb, leading to intersystem crossing
events that facilitate dissociation. At the crux of the DOS difference is the greater 5d,,/6s mixing for Ta vs
the 4d,,/5s mixing of Nb. This rationalization is generalized to explain the nominally swifter reactivities of
4d vs 5d elements.

1. Introduction results, but surprisingly, the niobium-olefin binding energies
were found to bgreaterthan those of the tantalum analogues.

_ In es_tablishing reaf:ti\_/ity patterns_ among the transition meFaIs, These observations prompted a study of the mechanism and
in particular those within a group, it is often useful to examineé o4 of olefin substitution on niobium and a corresponding

relatively simple transformations such as ligand substitutién. assessment of olefiassociationto (silox)sTa (2). Herein are

While investigating the rearrangements of (sild#jolefin) to reported these findings and an analysis that by inference provides

: , = e T\
(silox):M(alkylidene) (M = Nb, Ta; silox = BusSiO), it an explanation why second row transition elements generally
became necessary to assess relative olefin binding energies. Th?eact more swiftly than their third row congeners

(silox)sNb(ole) (1-ole) complexes readily equilibrated at tem-

peratures lower than convenient rearrangement conditions, but2. Results

olefin substitutions of the tantglum derivatives, (silﬁSe(.ole) 2.1. Olefin Binding Energies of (siloxjM(ole) (M = Nb,
(2-ole), were not Qbserved prior to rearrangemen.t. High-level Ta). The binding energies of the olefins, as defined by eg8,1
quantum calculations were conducted to help interpret the \ ere estimated by calculating the free energies of the models
(HO)sM (M = Nb, 1'; Ta, 2') and (HO}M(ole) (M = Nb, 1'-

ole; Ta,2'-ole), and the free olefins.
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Table 1. Experimental Rate Constants? (kgiss x 108 s~1 unless Noted, eq 1) and Activation Parameters? for Olefin Dissociation from
(silox)sNb(ole) (1-ole) and Calculated Free Energies of Olefin Binding (AG°ying)?¢ and Association (A G*assoc)?

compound T(+0.5 °C) Kiiss(X108 s71) AGgiss? AH AS* AG°yng® AGF g0
(silox)sNb(7-cCgH10) 25 2.57(9) 25.0(10) 27.7(6) 9(1) —-20.1 49
1-°CeH10 35 9.87(5)
45 39.5(14)
55 168(5)
65 625(6)
75 2450(70)
(silox)sNb(r-iso-C4Hg) 25 0.208(6) 26.4(10) 30.9(8) 15(1) —23.3 3.1
1-is0-C4Hg 35 0.981(5)
45 6.54(7)
55 29.5(3)
65 98.1(6)
75 433(10)
(silox)sNb(7-cis—2-C4Hg)" 25 0.148(7) 26.7(®) —23.2 35
1-cis—2-C4Hg
(silox)sNb(7-cCsHsg) 25 0.0200(8) 28.1(10) 29.3(6) 4(1) —-23.5 4.6
1-°CsHg 35 0.0812(3)
45 0.345(5)
55 1.88(6)
65 6.81(9)
75 25.5(5)
(silox)sNb(7-CoH3Ph) 25 8.3x 10710h 29.8(10) 35.5(5) 19(1) —28.7 1.1
1-C,H3Ph 55 0.226(3)
65 0.993(4)
75 5.78(3)
85 23.8(4)
95 86.2(4)
105 332(9)
(silox)sNb(7-CoHsMe) 25 1.6x 10710h 30.8(10) 34.7(2) 13(1) —26.4 4.4
1-CoHsMe 55 0.0443(14)
65 0.221(4)
75 0.982(6)
85 4.42(8)
95 15.5(9)
105 58.4(15)
(silox)sNb(7-CHzEt) 25 6.7x 10711h 31.3(10) 36.4(6) 17(1) —26.5 4.8
1-CoH3Et 55 0.0254(6)
65 0.122(4)
75 0.653(12)
85 2.80(6)
95 13.8(5)
105 40.5(5)
(silox)sNb(#-°C7H10) 25 2.9x 10°11h 31.8(10) 36.6(7) 16(1) —26.7 5.1
1-°C7H10 55 0.00997(12)
65 0.0529(7)
75 0.204(10)
85 1.12(8)
95 5.15(8)
105 18.0(6)
(silox)sNb(7-13C2H.) 25 3.1x 10713h 34.5(10) 37.2(4) 9(1) -30.8 3.7
1-13CoH, 95 0.773(8)
105 0.314(5)
115 1.04(6)
125 4.08(9)
4.08(4)
135 12.4(5)
145 38.2(8)
(silox)sNb(7-C2Da4) 125 2.68(9)
1-CoDy

a Rate constants were obtaingdthe darkfrom first-order loss ofl-ole in the presence of excess ethylene to disM@Ha4 in CgDs; the kyiss values are
an average of three kinetics runs containing roughly 10, 20, and 40 equiv ethylene (ass&yed\BiR integration) PFree energyAG°, AG*) and enthalpy
(AH*) values in kcal/mol; entropyAS’) values in euAG°ying values calculated using the model system (D) (1') + ole == (HO):Nb(ole) (L'-ole). 9For
the sake of comparison with the tantalum casgss (expt and from Eyring) AG*yiss (from Eyring unless otherwise noted)G*assoc(calc’d) andAG®ping
(calc’d) values are given at 2%C. ®Calculated fromAGFgiss (expt) + AGCping(calcd) = AG*assoe fISOmerization tal-C4Hg prohibited kinetics runs above
25 °C. 9Determined fromkgiss (€xp). "Calculated from Eyring plotRun in tandem withl-C;Dy. Ikgisd 1-13CoH4)/k(1-CoDg) = 1.52(13); (1.524 = 1.11(4).

These calculatedhG°ying values are listed in Table 1. Several consequence, thelative values of the calculated binding free
have been previously tabulate@nd where equilibrium mea-  energies AG°ying) for the nine species in the niobium study
surements have been made (6 niobium cases), the experimentare taken to be accurate enough for the purposes of this in-
relative binding energies of the species were shown to be within vestigation. Note that all calculatesiG®yi,g are more positive
0.18(17) kcal/mol of the calculatedAG®ping Values. As a than the experimental and calculatedG*giss Values, which
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provide minimum values (maximum binding) for each case by of the bonding. Given the nonpolar nature of the complexes,
assumingAGtassoc= 0.0 kcal/mol. olefin substrates, and the solvent, benzdgen addition to the

No experimental verification of theelative binding free KIE data, it is likely that this process is dissociative.
energies of the tantalum complexes could be made because First-order rate constants for dissociation, as determined by
(silox)sTa(ole) @-ole) rearranged to the thermodynamically more  kinetics runs monitored biH NMR spectroscopy, are listed in
favorable (for most cases) alkylidene species (silbaCRR. Table 1. Activation parameters were obtained by measuring
No evidence of olefin exchange was obtained even vihele olefin dissociation rates over 255 °C (1-ole; ole= “CgH1o,
rearranged in the presence of a different olefin, and the jso-C,Hg, €CsHg) and 55-105°C (1-ole; ole= C;HsPh, GHs-
CalCUIatedAG:tdiss (eq 3) values are all well above the known Me, GH3Et, CC7H10) temperature ranges. For the latter cases,
rearrangement activation free energies. Given the similarity of this enabled the calculation of rate constants (AGHgis<s) at
the systems, and their related trends in calculai@fying's, 25 °C, which proved to be important for comparison with the
the tantalum values were used without further consideration. corresponding tantalum system. The rates of olefin dissociation
The tantalum complexes exhibited higher (less favorable) from (silox)sNb(ole) (l-ole) are significantly different and show
binding free energies by an average of 3.4 (5) kcal/mol than the following trend: 1-<C¢H1o > 1-is0-C4Hg > 1-Cis-2-C4Hg >
the corresponding niobium derivatives-Bonds to third row 1-CsHg > 1-CoHsPh > 1-CoHsMe > 1-CoH3Et > 1-C/Hqg >
transition metals are nominally expected to be stronger than 1-13c,H,. There is a clear linear free energy (LFE) relation-
their second row congenefsnd it is likely that ligands with ship®® with the calculatedAG°ping's, such thatAAGHss =
7-bonding components should follow that trend; hence this —0.866AAG°ng + 7.32 (in kcal/mol;R2 = 0.85); as expected,
situation is unusual. the more weakly bound olefins dissociate faster. Roughly two

2.2. (silox}Nb(ole) (1-ole) Substitution. 2.2.1. Dissociation.  sets of entropies of activation are observed. Low values are
Various syntheses of (siloxjib(ole) (1-ole; ole= CzH, (also observed for the ethylene compléxC,Hs (9(1) eu), and the
1¥CHs and GDa), CoHsMe, GHaEt, Cis-2-CiHg, is0-CaHs, cyclics 1-CeHio (9(1) eu) and1-CsHg (4(1) eu), while the
C2HsPh, “CsHs, “CeH1o, “C7H10 (norbornene)) and their char-  remaining species have simil&S values of 16.0(22) eu.
acterizations have been reported previoG$yeliminary studies 2.2.2. Olefin Association to (siloX)Nb (1). The AG¥assoc
showed that the substitution process was extremely light- 465 for the trapping of (siloaib (1) by olefin are estimated
sensitive, and all subsequent experiments were conducted W'thaccording to eq 2 aAG°ing + AGtqss These could not be

the scrupulous a_bsence of room light. Kin_etics runslesie verified experimentally becaudecannot be isolated, and when
were performed in the presence of approximately 10, 20, and; g generated in solution, trapping by olefins is prohibitively

40 equiv of ethylene as a trapping agent (eq 4), and NO 5 TheGH,esvalues range from 5.1 keal/mal-£C;Hso) to
dependence on [€s] was noted. 1.1 kcal/mol (-C;HsPh) and mushot be treated as accurate
absolute numbers buélative ones becausAG°ng Values are

(silox);Nb(ole) ?ES calculated from the models (HENb (1) and (HO}M(ole) (1'-
1-ole: ole= ¥C.H c,D e ole). The AG¥ssoc Values manifest no significant linear free
C.H M,e CH Etzcié’-Z-Cﬁ energy relationship withAG®,nq and are roughly grouped
ZE R s m together with an average value of 4.3(7) kcal/mol if the outlying
iso-C,Hg, C,H;Ph,"C.H . .
48 3T s e styrene value of 1.1 kcal/mol is removed (3.9(13) kcal/mol with
C, C .
CeHio CiHyg styrene included).
; XSG g In previous work on the rearrangements of (siidole) (M
silox),Nb + ole silox);Nb(C,H, + ole p g
( )31 ( ) 1_C(;jz_|44 ) @) = Nb, 1-ole; Ta,2-ole) to (silox}M(alkylidene), the equilibrium

models (HO)M(ole) (M = Nb, 1'-ole; Ta,2'-ole) == (HO)3M-
Under these conditions, and noting that efficient trapping of (&lkylidene) were shown to be blaésed in favor of the olefin
(silox)sNb (1) by ethylene is consistent with the estimated complexes by 67 kcal/mol at 104C.° From comparisons with

energetics of associatiomie infra), the substitution ofi-ole a limited set of temperature-_dependent equilibrium.studies., the
is a dissociative or dissociative interchange prodessdore AS’ values were deemed a likely source of error. With the silox

consistent with a dissociative process is the appreciable kinetic!i9ands, the four-coordinate alkylidene is considered to be
isotope effect (KIE) upon loss ofD, from 1-C,D4 with respect entropically more favorable than the more congested pseudo
to loss of13C,H, from 1-13C,H,. The KIE of 1.52(13)= k(1- five-coordinate olefin complexes, especially when the substit-
13C,H,)/k(1-C,D4) is quite substantial, and it is unlikely that U€nts are considered. In regaro! to the formation of three-
heavy atom (i.e 12C/13C KIEs) effects contribute significanty ~ coordinate (silog (M = Nb, 1; Ta, 2) from the olefin

to the value®® The KIE per deuterium of 1.11(4) (maximum) complexes in eq 1, similar reasoning suggests that an even
is supportive of an sp— sp hybridization change in the greater discrepancy inNS’ values should be incurred for the
transition stat&? which is expected for ethylene dissociation hydroxy-based models. As a consequence, the XGping

from a species where-backbonding is an important component  €Nergies are probably higher than those calculated kcal/
mol (25°C) and theAG*,ssocvalues will also be higher by the
(6) Hirsekorn, K. F.; Veige, A. S.; Marshak, M. P.; Koldobskaya, Y., Same amount.

Wolczanski, P. T.; Cundari, T. R.; Lobkovsky, E. B. Am. Chem. Soc. . .
2005 127, 4809-4830. Y 2.2.3. Rearrangement of (siloxgNb(trans-Vinyl,phenyl-

(7) Uddin, J.; Morales, C. M.; Maynard, J. H.; Landis, C.®Rganometallics _ i i
2006 25, 55665581, cyclopropane) (1-VyPKPr). In the context of probing potential

(8) Carpenter, B. KDetermination of Organic Reaction Mechanisndshn biradical character of the transition state for olefin dissociation,
Wiley & Sons: New York, 1984. i 2. — -Ph¢ -

(9) Lowry, T. H.; Richardson, K. SMechanism and Theory in Organic (SIIOX)Z’TNb(n _tranerz_C CH,2 Ph Pr) (1 Vfo’FPI’), observed_
Chemistry Benjamin Cummings: New York, 1987. as major (mj) and minor (mn) diastereomers, was synthesized
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Scheme 1

1mn-DaVyPhCPr

D

(silox)zNb %=/_<
D

Kmn->diss (silox)gNb--uumi Ph . | ‘IL
j mn->a fast
D D minor
‘//f via ®B\ D Ph
Ph Kass->mn @ i -
Hky or (silox)3Nb Q
k Kumi i mn->mj © o
(silox)Np [1] g ociod D__D / ) fastJr
CuH (silox)sNb--wm m}->al
fast | ©2Tla ) (silox)aNb
major 5
.
Ph
. @ Ph @ +
(sllox)3Nb Ph D .
. D .
. (silox)sNb (silox)3Nb

via substitution of (siloxyNbPMe (1-PMes),6 as was itso,o-
dideuterio isotopologuél-D,VyPhPr. At 85°C in the absence

of C;H4, 1-VyPhPr was found to rearrange tis- andtrans
isomers of the alkylidene (silo@\b=CHCH=CHCH,CH,Ph

(3). Scheme 1 shows the rearrangement prod#€s resulting
from rearrangment ol-D,VyPhPr. The label distribution is
inconsistentwith previous olefin to alkylidene rearragements
but consistent with transition states and/or intermediates pos-
sessing biradical character. Furthermore, the prodaist8,and
trans-3, were shown to interconvert at 12G while monitored

via an EXSY NMR spectroscopy experiment. With ethylene
(~10 equiv) present, trapping of (silejb (1) to form
(silox)sNb(C:H4) (1-CoH,) is competitive with rearrangement.
Without ethylene, initial rate measurements for the disappear-
ance of the majorl(,-VyPhPr, kpj(diss)= 5.9(1) x 10 ¢s™1)

and minor Lmr-VYPHPT, knn(diss)= 4.3(3) x 1075 s1) isomers
were obtained. By comparing the rate constants with those
obtained from loss ofl-D,VyPHPr, theku/kp for the disap-
pearance of the major was 1.2(1), while the corresponklig

ko for the minor was 4.8(4). While these are phenomenological

€CsHg, 2-°CsHg; °C7H10, 2-°C7H10) determined directly in this
manner are given in Table 2. The second-order rate constant
for 2-°C¢H;o formation was also determined by a second-order
plot from a kinetics run of2 and cyclohexene in equimolar
concentrations, and its value (7.0() 107> M~1 s71) cor-
roborated the one (6.5(2) 107> M~ s71) provided by the
pseudo first-order studies.

The remaining association rates were measured by compara-
tive complexation studies. (silo@)a (2) was subjected to
mixtures of two different olefins of known concentrations, and
their relative rate constants were obtained by analysis of the
product ratio, P-ole]/[2-0l€'], according to eqs 69.

CeDs
—

(silox);Ta+ ole+ ole g

2 [ole] > x
[ole]>1—x
x(silox);Ta(ole)+ (1 — x)(silox);Ta(ol€) (6)

values based on initial rates, they hinted at separate rearrange-

ment paths for the major and minor species.

2.3. (silox}Ta(ole) (2-ole) Substitution. 2.3.1. Olefin As-
sociation to (silox}Ta (2). The existence of (silox)a (2) as a
stable entity enabled rate constants of olefin association to be
directly (eq 5) and indirectly determined by standard kinetics
experiments.

k

'assoc
E——

oo (silox);Ta(ole)

2-ole; ole= “CHs,
CCGHlO' CC7H10

®)

(silox);Ta+ ole
2

For olefins that associated slowly enoughand an excess of
olefin were placed in solution under pseudo first-order condi-
tions, and second-order rate constakis:{) were obtained from
plots of kops VS [0le]. Second-order rate constants for the
formation of (silox}Ta(ole) @-ole, ole = ¢CgHio, 2-°CgH1g;

1186 J. AM. CHEM. SOC. = VOL. 130, NO. 4, 2008

2-ole 2-ole
d[2-ole}/dt = ks f2][0le] (7)
d[2-ole]/dt = K ;o[ 2][ole’] (8)

d[2-ole]/d[2-0l€'] = [2-ole]/[2-0l€'] =
kaSSOiz][O|e]/k'aSSOI2][Ole’] = kaSSO£0|e]/k'aSSO£O|e’] (9)

Since the complexation is irreversible, and the competing olefins
are in vast excess (i.e., pseudo first-order conditions), the product
ratio is directly related to the ratio of second-order rate constants
once the olefin concentrations are factored out. When possible,
cross-checks were employed to minimize systematic errors in
formulating a ladder ofAG¥,ssocvalues. The data provided in
Table 2 reveal an LFE relationsBipof the typeAAG*assoc=
0.907AAGying + 39.6 (in kcal/mol;R? = 0.91); olefin associa-
tion is more facile the more strongly the substrate is bound.
The relative rates of olefin binding are ethylerestyrene>
propene> 1-butene> norbornene> isobutene> cyclopentene

> cis-2-butene> cyclohexene. Note the contrast with the



Olefin Substitution in (silox)sM(olefin)

ARTICLES

Table 2. Experimental Pseudo First-Order Rate Constants (kops x 10° s~

1), Second-Order Rate Constants (Kassoc X 102 M~1 s71)a-¢ and

Free Energies of Activation (AGF¥assoc)? for Olefin Association to (silox)sTa (2), and Calculated Free Energies of Olefin Binding (AG°pind)%¢

and Dissociation (A G¥giss)?f at 25.0(5) °C

Compound [Ole] (M)C kuhs(xlo5 571) kaxss&:c(x:l-o2 M-t 571) AG::d\ssr AGobmde AG*axssoc
(silox)sTa@;-°CeH10) 0.0224 1.95 0.00646(22) 40.6 ~17.4 23.2(1
2-°CgH1o 0.0388 2.78
0.0479 3.61
0.0492 3.68
0.0613 4.45
0.0834 5.82
0.00696(31Y 40.5 -17.4 23.1(1Y
(silox)sTa(y-cis—2-CsHs) 0.0276(2199 41.1 -18.8 22.3(1)
2-Cis—2-C4Hs
(silox)sTa(;-°CsHs) 0.0372 3.85 0.0875(18) 42.2 —20.6 21.6(19
2-°CsHg 0.0406 4.22
0.0693 6.91
0.0728 6.93
0.107 10.1
0.118 10.9
0.091(3y"
(silox)sTa(y-iso-C4Hg) 0.149(35y! 41.4 —20.1 21.3(2)
2-iSO-C4H3
(silox)sTa(-<C7H10) 0.0186 485 1.62(3) 435 —23.6 19.9(19
2-°C7H10 0.0261 60.7
0.0419 89.1
0.0634 124
0.0860 157
(silox)sTap-CoHsER) 2.89(33yik 42,5 —-23.0 19.5(1)
2-CoH3Et
(silox)sTa(-CaHsMe) 14.0(10¥x! 415 -22.9 18.6(1)
2-CoHzMe
(silox)sTa@y-CaHaPh) 3100(15009™ 40.6 —25.2 15.4(3)
2-CoHsPh
(silox)sTa@s-CoHa) 13900(3100)" 41.8 273 14.5(1)
2-CoHa

aSecond-order rate constants were obtained frdgygvs [ole] plot with 2] = 0.0017 M; each kinetics run was conducted gbDgand assayed biH
NMR integration.’Second-order rate constants obtained from second-order plot2hfvs/time; one tube¢ As described by eqs47, second-order rate
constants were obtained from [ole] vs [dleompetition experiments conducted in triplicatéree energyAG°, AG*) and enthalpy AH¥) values in kcal/
mol; entropy AS) values in eu® AG°ing Values calculated using the model system (5T@)(2') + ole == (HO)sTa(ole) @'-ole).f Calculated fromAG*,ssoc
— AG®hing (calcd)= AG¥giss 9 From k(IC4Hsg)/k(Cis-2-C4Hg) = 5.4(2)." From k(°CsHg)/k(°CsH10) = 14.1(7) and the value di(°CeH1q) as 6.46(22)x 1075
M~1 s7L; the k(°CsHg)/k(°CsH10) from directly measured second-order rate constants is 1Br6m k(iC4Hg)/k(°CsHg) = 1.7(2).] From k(C4Hg)/K(°CsHsg) =
33(2).k The experimentakt(C3Hg)/k(C4Hg) = 5.1(6); from comparison of thigs obtained fronfCsHg competitions, this ratio is 4.8 Fromk(CsHeg)/k(°CsHg)
= 160(5).™ From k(CoHa)/k(Cz2HaPh) = 4.7(6)." From k(CoH4)/k(CsHe) = 990(86).

niobium cases, in which there was essentially no correlation of
AG*ass0cWith AG°ping.

2.3.2. DissociationDissociation of olefin from (siloxgla-
(ole) (2-ole) was not directly observed, but from theS*ss0c
and calculatedAG°,ing values, activation free energies of
dissociation were calculated A$G*ass0c— AG®hing (€9 2) and

of the corresponding tantalum complex could not be produced
despite significant effort. A structure of the niobium 1-butene
derivative, (siloxjNb(-CoHsEt) (1-CoHsEt), revealed an olefin
d(CC) of 1.444(5) A that was substantially longer than the
1.395(7) A pertaining to the tantalum conger®e€,HsEtS The
niobium—carbon distances ofl-C,HsEt showed significant

are listed in Table 2. Due to the entropy concerns discussedasymmetry (2.129(4), 2.197(3) A) and were slightly longer than

above® the AG*gssvalues are likely to be overestimated b%
kcal/mol (25 °C) but are still well above the barriers for
rearrangement to the alkylidenes, (sisPg=CRR. In complete
contrast with the niobium system, no correlation\@$* s with
AG®pingis noted, and thAG*ssvalues are remarkably invariant
from olefin to olefin AG¥gis{ave) = 41.7(9) kcal/mol).
(silox)sM(ole) (M Nb, 1-ole; Ta, 2-ole) Structural
Studies. It was hoped that structural studies of various olefin
complexes would corroborate the binding energy differences

between Nb and Ta and between the various olefins. Unfortu-

nately, structures of (silog\Nb(-C.Hg4) (1-C2H,4) and (silox}-
Ta(y-CoHsg) (2-CyHg4) exhibited disorder in the orientation
of the olefin that rendered the d(CC) values meaningless.
The niobium cyclohexene derivative, (sileXb(#-°CeH10)
(1-°CeH10), manifested an olefin CC-bond distance of 1.412(4)
A, a d(NbC) of 2.144(3) and 2.198(3) A, and normal pseudo-

thed(TaC) of 2.115(4) and 2.174(4)%%&ttributed tol-C,HsEt.
While the geometric parameters of the 1-butene cases cor-
roborate the weaker olefin binding of the tantalum derivative,
there is simply not enough structural data for definitive support.
The new structural data are available as Supporting Information.

3. Discussion

3.1. Substitution in (siloxyM(ole). 3.1.1. Orbital Symmetry
Requirements. Figure 1 reveals that the olefin substitution
processes involving (silog)(ole) (M = Nb, 1-ole; Ta,2-ole)
are orbitally forbidden, as are the microscopic reverse, olefin
associations to (silogM (M = Nb, 1; Ta, 2). The disparate
orbital symmetries of reactants and products stem from the
sigma donationd?) of olefin to metal andz-backbonding of
metal to olefin ?) of 1-ole and2-ole, vs the (gh)? (or ¢?)
ground states of and2, and the CCr-bond that iso? with

tetrahedral core angles and distances, but X-ray quality crystalsrespect to the reaction coordinate (RC) of dissociation. As a
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tBuSi0  o?m2 M=nNb [1] 'BusSi0  OSi'Buy 02
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Figure 1. Olefin dissociation from (siloxM(ole) (M = Nb, 1-ole; Ta,2-ole) and olefin association to (sila® (M = Nb, 1; Ta, 2) are orbitally forbidden
along a symmetri€s reaction coordinate (RC). The olefin is bound vis sigma- and pi-bonds, but the products possess only sigma symmetry with respect
to the RC.
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Figure 2. Graphical representation of standard free energies (kcal/mol) pertaining to olefin dissociation froraM$dt®))(M = Nb, 1-ole; Ta,2-ole) and
olefin association to (siloxM (M = Nb, 1; Ta, 2). Numbers initalics are either calculated (i.eAG°ping (1-0le or2-ole)) or based partially on calculations
(i.e., AG¥assoc(t0 1)), AGiss (2-0le)). Solid columns refer to measured activation free energies Ai®.qiss (1-0le)), AG¥assoc(t0 2)).

consequence, dissociation frdmole and2-ole, and association  absolute energies for olefin bindinG°ying) are likely to be

to 1 and2, will require at least one surface crossing event where more positive than those tabulatedde suprg, the relative

the orbital symmetry changé%.24 transition state (TS) energies for the Nb and Ta systems are
3.1.2. Substitution in Nb vs Ta.Figure 2 illustrates graphi-  still profoundly different. The transition states coupling olefin

cally what is found in Tables 1 and 2. With the caveat that the dissociation from (silox\Nb(ole) (l-ole) and association to
(silox)sNb (1) are relatively flat and significantly lower in

(10) Hammond, G. SJ. Am. Chem. Sod.955 77, 334-338. magnitude compared to the changing association free energies
(11) Carreon-Macedo, J.; Harvey, J. N.; Poli,BRur. J. Inorg. Chem2005 12,
2999-3008.
(12) Poli, R.; Cacelli, L.Eur. J. Inorg. Chem2005 12, 2324-2331. (20) (a) Schroder, D.; Shaik, S.; Schwarz,Atc. Chem. Re200Q 33, 139~
(13) (a) Petit, A.; Cacelli, I.; Poli, RChem—Eur. J. 2006 12, 813-823. (b) 145. (b) de Visser, S. P.; Shaik, S.; Sharma, P. K.; Kumar, D.; Thiel, W.
Smith, K. M.; Poli, R.; Harvey, J. NChem—Eur. J.2001, 7, 1679-1690. J. Am. Chem. So2003 125, 15779-15788. (c) Kumar, D.; de Visser, S.
(14) Harvey, J. N.; Aschi, MFaraday Discuss2003 124, 129-143. P.; Shaik, SJ. Am. Chem. So003 125 13024-13025. (d) Sharma, P.
(15) Harvey, J. N.; Poli, RDalton Trans.2003 4100-4106. K.; de Visser, S. P.; Shaik, 9. Am. Chem. So2003 125, 8689-8699
(16) Carreon-Macedo, J. L.; Harvey, J.NAm. Chem. So2004 126, 5789~ and references therein.
5797. (21) De Angelis, F.; Jin, N.; Car, R.; Groves, Jliforg. Chem2006 45, 4268
(17) Franke, O.; Wiesler, B. E.; Lehnert, N.;"tRar, C.; Ksenofontov, V.; 4276.
Neuhausen, J.; Tuczek, Fhorg. Chem.2002 41, 3491-3499. (22) Velge A. S.; Slaughter, L. M.; Lobkovsky, E. B.; Wolczanski, P. T.;
(18) (a) Poli, R.J. Organometal. Chen2004 689, 4291-4304. (b) Poli, R. Matsunaga, N Decker, S. A;; Cundarl T.IRorg. Chem2003 42, 6204
Acc. Chem. Red4.997, 30, 1861-1866. 6224.
(19) (a) Harvey, J. N.; Poli, R.; Smith, K. MCoord. Chem. Re 2003 238 (23) Harvey, J. NStruct. Bonding2004 112 151-183.
347-361. (b) Poli, R.; Harvey, J. NChem. Soc. Re 2003 32, 1-8. (24) Matsunaga, N.; Koseki, Rev. Comput. Chem2004 20, 101-152.
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w . is (do)X(dr)Y(rrco)? (or (dp)X(dm)Y(rec)?), which is3E in Cs,
) symmetry, as illustrated in Figures 4 and 5.
_J’ J J e _ Similar electronic configurations can be given to the (kMD)
4

(ole) (M = Nb, 1'-ole; Ta,2'-ole) species calculated to model
(silox)sM(ole) (M = Nb, 1-ole; Ta,2-ole), as shown in Figures
4 and 5. Each olefin complex can be describe@§symmetry,
@ where thexz plane contains the olefin and one -ND—Si

9 linkage. The ground state is given the abbreviated electronic
w _ configuration frcc — M)#(dry),2 where (tcc — M)? represents
>

a4
Ta dos 0.8 eV

Nb dd* ~1.2 &V
‘@

“‘J the olefin-localized orbital that is best considereddtgonation
J' J - of the olefin, and (d«,)? corresponds to ther-backbonding
P orbital that is metal-localized. This ground state'df in Cs
Nb e -12eV symmetry does not correlate with the ground state of the
products, as explained above, but correlates with “half” of a

4 o '@
\ ” j high lying 1E state (i.e., (ﬂxz).z(ncg)z, whose other “half’ is
«.DJ o — (dry,)*(cc)?) of the product. Likewise, the product ground state
P o
J

A
Tadé* -0 8 eV

correlates with a very high lying excited state on thele (or
Tadr-1.7eV 2'-ole) side, since the electronic configuration possesses a pair
Nbdn -2 1 eV of electrons in g. Note that this cannot be a bound state on the
2 reactant side because there is no net bonding in the system; the

: J pair of electrons in d are o*, and there are nor-bonding
J R electrons! The produéE state correlates to two separate triplet
I o’ —
> ]
J

states inCs symmetry, one corresponding tadc — M)2(dry,) -
17 eV (dA)?! or 2A", and frcc — M)2(dm,)*(d2)?! or 2A". While the
Nbdn 21 eV former retains some-bonding character due to its half-occupied
drny, orbital, the latter has one electron in the sigma-antibonding
d2 and the other in the nonbonding, @rbital.

¢ ‘JLL ’ 4 1l As the orbital forbiddenness in Figure 1 indicates, the
substitution reaction is deceptively simple and susceptible to
) Tado -3.5 eV the influence of “hidden” electronic states. The reactant ground

ARL I states of (siloxgM(ole) (M = Nb, 1-ole; Ta, 2-ole) do not

Figure 3. d-Orbital energies (eV) of the (HE§! (M = Nb, 1" (left); Ta, directly correlatewith the product ground states of (silgk)

2' (right)) calculated as a model of (sile¥) (M = Nb, 1; Ta, 2). Note that

both ground states are singlets. (M =Nb, 1; Ta,2), as the electron configurations clearly show.

If only two surfaces (R and P) were operative in the dissociation
found for (siloxyTa(ole) @-ole), which range fronAG* = 14.5 from 1-ole and2-ole to givel and2 plus olefin, the tantalum
kcal/mol for 2-C;HsPh to AG* = 23.2 kcal/mol) for2-<CgHio. casesnightbe expected to have a higher transition state based
The aforementioned linear free energy relationships are self-O" its higher'E' state, but olefin dissociation and association
evident from the graph. The variation in ground state (i.e. should be characterized by similar linear free energy relation-

AG°sind) energies forl-ole, in concert with the flat TSs for ~ ShiPS, andhey are clearly nat

niobium, produces the LFE for olefin dissociation frdavle. 3.1.3. State Crossings in Nb SubstitutionRepresenting

In contrast, the different ground state energies Zale are olefin dissociation from niobium, Figure 4 shows a state
virtually repeated in the tantalum TS energies, andAf¥iss correlation diagram for ethylene loss from (silghp(i7*-CzHa)
values for2-ole are very similar. With the reference state (0.0 (1-C2Ha) to give (siloxjNb (1) and free GH4. Electronic
kcal/mol) defined ad (or 2) + all olefins, theAGFassoc(2 + configurations of the states are described as above, except the

(mcc — M)2 and (rcc)? electrons have been withheld from the
the lack of a pattern in olefin coordination aenders no LFE reactant (R) and product (P) configurations, respectively,
because they are present in all configurations. The asterisk

for mok_mum arSSOCIatIOI’]. ) oo indicates the intersection of the proddét; surface with that
Previous high-level quantum calculations have indicated that o¢ e 14" surface of the reactant. Only in assessing the orbital
the ground states of (He§ (M = Nb, 1'; Ta, 2), which have  ,arentage of the states does one realize the orbital symmetry
been shown to be reasonable electronic models of (sW0X)  forbiddeness to the dissociation, hence the necessity of viewing
(M =Nb, 1; Ta, 2), are both singlet¥. For I', the corresponding  the electronic configurations. Below the R/P intersection, a
triplet is roughly within 2 kcal/mol of the singlet, whereas the grouping of states’E, 1E correlated with theiCs equivalents)
triplet is 14-15 kcal/mol above the singlet i&.2324 Figure 3 derived from (¢)'(ck)* and (d?)%(dy)* cuts across both and
depicts the d-orbitals of the two trigonal systems. Their orbital provides a relatively flat intersystem crossing region due to the
descriptions can be used to produce electronic configurations,relatively high density of states for (sileib (1). A flat
and thus electronic states, of consequence to olefin substitutionintersystem crossing will yield a linear free energy relationship
For example, the electronic configuration r(or 2') + olefin in the dissociative direction and a small barrier in the associative
is (do)3(tcc)? (or (de)X(mcc)?), which is alA; state inCs, direction that should be relatively unaffected by olefin substitu-
symmetry. The lowest triplet state corresponding to each productent.

ole) values correlate with th&®G°ying values for tantalum, while
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Figure 4. State correlation diagram of (silab(;7%-C2Ha) (1-CoHg, ethylene is in thexz plane) undergoing dissociation to give (silgip (1) and GHa.
Correlations of states havingorbital symmetry along the olefin dissociation coordinate are in blue, and those involving stateshifal symmetry are

in green. States derived from electronic configurationg{(d,)* and (d,)?> were deemed less likely to be involved in the dissociation, and their correlations
are not shown. The asterisk (*) indicates the nonadiabatic crossing point of the redctgh} and the productA; surfaces. The latter is unlikely to
correlate with a “bound” surface at the reactant geometry; this is indicated byativized state designation. Crude energy estimateslf@H, were
obtained assuming an olefirinteraction of 7000 cmt, an olefinz-interaction of 7000 cmt, similar coulomb repulsion energies, and singleiplet gaps

of 2000 cn1?; for 1, Figure 3 was used as a guide in addition to the energies reported in ref 2ZE(&4g.(1)) — E(CE) ~ 1000 cn1?).

The exact nature of the dissociation path taken by the ethylenethis particular situation “spin acceleratio#.In this study, the
is difficult to discern, especially since the related orbital dissociation/association of an olefin is interpreted in the context
symmetries of the states permit extensive mixing provided-spin of the orbital parentage (i.e., orbital symmetry) of critical
orbit coupling renders their singlet and triplet character relatively electronic states and the density of states (DOS). Regardless of
inconsequential. Experimental and calculational results appearviewpoint, the use of LFE relationships to support the existence
to corroborate this view, especially for second vs third row of such intermediate surfaces is a critical experimental finding.

transition element&-1923.24Consider a weakening of the Nb- 3.1.4. State Crossings in Ta SubstitutionFigure 5 illlus-
ole bond leading to a raising ofgand a lowering of g until trates the related state correlation diagram for the conversion
the orbital energies allow the electrons to “unpair”, only to pair of (silox)sTa@2-CoH,) (2-CoH,) to give (siloxpTa (2) and free
up as the product (2 final state is reached agNb---ole) C,H4. While the reactant side of the diagram is essentially that

“approaches infinity”. Note that the presence of these energeti- of niobium, given the assumptions of similar olefin binding
cally lower lying surfaces is consistent with the extreme light energies, etc., the DOS on the product side is substantially less
sensitivity of the dissociation. In the presence of light, no LFE than that of the second row element. The spread in states
is present, and the activation free energies for “dissociation” attributed to the lower lying configurations af+ C,H,4 has a
averaged 24.7(6) kcal/mol for (silab(ole) (L-ole; ole = profound effect on the features corresponding to olefin dis-
18C,H,4, CoH3Et, GH3Ph, ¢CsHg, CgHip, C7H10). While a sociation from2-ole and association t@. Triplet states that
comprehensive calculation of all surfaces is difficult and time- converge to’E of the product, and their singlet states that
consuming, a calculational hunt for a probable transition state becomelE, intersect with the produéf; surface to facilitate
provided additional insight on the intersystem crossingeg intersystem crossing at a much higher energy than that in the
infra). niobium case. As a consequence, a greater barrier to substitution
This laboratory? and others—21.23.24 have made note of is predicted for tantalum than for niobium, and the intersection
intersystem crossings and their possible effect on chemical with the product ground state\; surface occurs in a region
reactivity, and Poli in particularfocusing on surfaces of  where the latter isloped As changes in olefin substituents cause
different spin, but with the understanding that there is no shifts in the intersection points, the sloped surface oflthe
intrinsic problem to surface crossings of this nature (second vs state would most likely yield an LFE relationship for olefin
third row) due to facilitation by spinorbit coupling—has coined association, and that is what is observed. It is also not surprising
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Figure 5. State correlation diagram of (silaX)a(;%-C2Ha) (2-C2H4, ethylene is in thexz plane) undergoing dissociation to give (silgkd (2) and GHa.
Correlations of states havingorbital symmetry along the olefin dissociation coordinate are in blue, and those involving stateshifal symmetry are

in green. States derived from electronic configurationg{(d,)* and (d,)> were deemed less likely to be involved in the dissociation, and their correlations
are not shown. The asterisk (*) indicates the nonadiabatic crossing point of the réactéht and the productA; (1) surfaces. The latter is unlikely to
correlate with a “bound” surface at the reactant geometry; this is indicated byativized state designation. Crude energy estimates2f@,H, were
obtained assuming an olefirinteraction of 7000 cmt, an olefinz-interaction of 7000 cmt, similar coulomb repulsion energies, and singleiplet gaps

of 2000 cn1?; for 2, Figure 3 was used as a guide in addition to the energies reported in ref 2ZE(&4g.(1)) — E(CE) ~ 5000 cn1?).

that no LFE relationship is observed from the dissociation

illustrated is basically a carbonrporbital, but one which has

standpoint, provided the changes in energy of critical intersystem the opposite orientation from the,@rbital of 1-ole (2-ole) due
crossing points (e.g., the transition states) mirror the magnitudesto a rotation about the €C bond of the ethylene. The second

of the standard free energy changeiale.

SOMO is metal-based and appears asxaoatbital that is

From the diagrams, one can predict a substantially higher transforming to g as the olefin departs. This is a critical finding,

transition state for tantalum than for niobium and linear free

for it pictorially manifests the meanst(— o) by which the

energy relationships as a consequence of flat (niobium) or slopedasymmetric olefin loss can alleviate the orbital forbiddenness
(tantalum) regions of intersection. Despite these differences, theintrinsic to a symmetric dissociation. The close proximity in
diagram predicts that the transition states for either system energy of théA’ (1), 3A" (2) — 3E and'A’ (3), 'A" (2) — 'E

should be quite similar, since the same surfaces are involved

It is uncertain which component(s) of the reactant (sibk)

(ole) (M = Nb, 1-ole; Ta,2-ole) states that converge to tHe

and3E states serve(s) as the conduit to (sifvk\M = Nb, 1;

Ta, 2) + olefin product states, but calculations suggest a path.
3.1.5. Calculated Transition States for Olefin Substitution.

Figure 6 reveals critical orbitals to the transition state model

species for ethylene dissociation, namely [(K\®)-+(;7-CoHa)]*

(M = Nb, I'-TS; Ta, 2-TS). The olefin dissociation is

asymmetric, with the8-carbon clearly well separated from the

metal, and the spin state is a triplet, as the two SOMOs indicate.

.manifolds should enable extensive mixing via spambit

coupling. Moreover, the spatial separation of the SOMO orbitals
of each transition statel{TS and 2-TS) suggests that the
exchange energy that distinguishes singlet from triplet should
be modest®

Consider a scenario in which the olefin starts to break one
M—C interaction and its energy increases, whereby intersystem
crossing to théA' (1) surface (i.e., g'd2%) occurs. A rotation
of the G-C bond accesses ta" (2) surface (i.e., g'd2)
that leads to the transition state, and any further dissociation
increases thAE(SOMO(Mdo) — SOMO(Gprr)) and allows

Shown at low energy is a carbon-based orbital that is decidedly SPIin pairing to occur as the produéty’ (1) surface is realized.

M—C o-bonding, and it is this interaction that anchors the
a-carbon to the metal in the transition state. The first SOMO

(25) Landis, C. R.; Morales, C. M.; Stahl, S. 5.Am. Chem. So2004 126,
16302-16303.
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Figure 6. Critical orbitals of transition state species, [(SilgM)++(C2Ha)]*

(M = Nb, 1-TS, left; Ta,2-TS, right). Note the asymmetric dissociation/
association of the ethylene, and the twisted orientation gf @1, relative

to the a-CH, group. The lowest MO is basically an-MC o-interaction,
followed by an SOMO that is essentially G{pand orthogonal to theygd
of the (siloxyM(n-C2oHa) (M = Nb, 1-CyHg4; Ta, 2-CoHa) complexes. The
next SOMO is the g (n-type) of 1-C;H, and 2-C;H, as it is is changing
into the @z of (silox)sM (M = Nb, 1; Ta, 2). The highest energy orbital is
essentially ¢.

Differences between niobium and tantalum permit intersystem
crossing to occur in a relatively flat region for the former, and
within a higher energy sloped region of intersection for the latter,
yet both transition state geometries and critical orbitals are
relatively similar. Ultimately, it is the higher density of states
(DOS) for the second row product, as compared to the lower
DOS for the third row product, that differentiates the reactivity
patterns of the two elements. Recall that th&*,ss0c0f 1.1
kcal/mol for styrene addition to (silox)lb (1) appears anoma-
lously low (a more modest case can be made for binding to
(silox)sTa (), lending credence to the possibility that the phenyl
substituent may stabilize the biradical naturd-GfS (and2-TS).

The calculated transition state energies of [(BND)-(7-
CHz)]* (M = Nb, 1'-TS; Ta, 2-TS) do not match the
experimental values. Fdr-TS, the calculated TS energy is 17
kcal/mol, whereas thAG*,ssod(i.€., AG°rs) energy derived from
the experimentahG'giss and calculationaAG°ping NUMbers is
3.7 kcal/mol (eq 3). Even though the latter is undoubtedly low,
by ~5 kcal/mol as previously discussed, it is unlikely to be
closer than~8 kcal/mol to the calculated value. In the tantalum
system where a\G*assoc(i.€., AG°ts) of 14.5 kcal/mol is a
measured value, the calculated value 26 kcal/mol is significantly
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higher. The origin(s) of these discrepancies are unknown, but
it is noteworthy that the calculated TS energy difference between
1'-TS and2'-TS of 9 kcal/mol is in line with the differences
between [(siloxjNb-++(7-CoHg)]* (1-TS) and [(silox}Ta:*(-
CoHa)]* (2-TS) of ~6—10 kcal/mol derived via eq 3. Estimates
place theAG¥o, for dihydrogen oxidative addition to (silob
(1) similarly lower than theAG*oa = 18.8(1) kcal/mol barrier
for H, addition to (silox}Ta (2).26:%7

The quest for transition states for olefin association to @ND)
(M = Nb, 1'; Ta, 2') were initiated on approaches toward the
empty d. and d, orbitals that obviate the symmetry forbidden
character of the direct addition. Despite a significant search,
no viable paths were encountered. It is plausible that these paths
cause changes in the core geometry that incur substantial
reorganizational energies, hence it is energetically more feasible
to traverse the different surfaces as proposed.

3.1.6. Activation Parameters for Niobium Olefin Dissocia-
tion. The activation entropies of the cyclic olefirfCgHo, AS*
= 9(1) eu; °CsHg, 4(1) eu) and ethylene (9(1) eu) are
anomalously low in comparison to the monosubstituted olefins
(13—-19 eu). Ethylene, having no substituents, is a unique case,
but the values attributed to the cyclics may be indicative of
two factors: (1) greater congestion about tize€arbon may
attenuate the positive entropy incurred upon lengthening the
M—Cg interaction and changing from the pseudo-five-coordinate
ground state to a transition state that is essentially four-
coordinate, and (2) achieving the equivalent of the rotate@€C
olefin bond in the transition state may not be plausible for cyclics
whose double bonds are constrained by the ring. The geometry
constraints imposed by the rings may force the cyclic cases to
use surfaces dominated by thetd2%) electron configuration.

3.1.7. Vinylphenylcyclopropane RearrangementThe con-
tention that transition states for olefin substitution are asym-
metric and can lead to facile intersystem crossing via “diradical-
like” electronic features suggested that it would be possible to
infer this character via the radical probe (silg¥p(;?-trans
H,C=CH,2-Ph<Pr) (1-VyPh*Pr). NOE experiments reveal that
the CHPh group ol,+VyPhPr resides over the-CH, of the
olefin, and molecular mechanics calculations on the diastere-
omers concur. Scheme 1 illustrates plausible paths for the
rearrangement tais- and transisomers of the alkylidene
(silox)sNb=CHCH=CHCH,CH,Ph 3) and concomitant sub-
stitution when the thermolysis was conducted in the presence
of C;H4. The most important conclusion is that the observed
rearrangement is consistent with the generation of radical
character at thg-carbon of the olefin. However, the details
of this process are less definite. EXSY NMR spectroscopy at
120 °C indicated thatcis-3 and trans-3 undergo exchange,
consistent with rapid rotation about the—C bond of the
diradical intermediat®, hence the product stereochemistry is
readily rationalized.

The limited number of observables does not allow the
mechanism to be definitively assigned via kinetics simulations,
but the data do fit plausible paths. For exampld,jfVyPhtPr
and 1,,,-VyPhPr interconvert via olefin loss only, and assum-
ing swift trapping of (siloxjNb (1) by olefin, kinetics sim-
ulations of the system in the presence or absence ;bf, C

(26) Hirsekorn, K. F. Ph.D. Thesis, Cornell University, 2006.
(27) Hirsekorn, K. F.; Veige, A. S.; Wolczanski, P.X.Am. Chem. So2006
128 2192-2193.
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afforded the following rate constants (8&): knj—diss =
7.6(4) x 1078 s7L, kmn—diss= 3(2) x 1076 7%, knpj—al = 3.4(3)

x 107857t (kp/kp = 1.1(1)), anckmn—a = 4.6(2) x 10°5s™,

In this mechanismln-VyPHPr rearranges roughly an order
of magnitude faster than it substitutes, while the major isomer
substitutes~3 times faster than it rearranges. The observed
phenomenologicdd./kp of 1.2(1) attributed to the rearrangement
of 1n-VyPhPr to 3 can be rationalized as reflecting mostly
conversion to the minor isomer, and this incurs no primary KIE.
The ku/kp for the kmn—a1 Step is 3.6(3); hence rearrangement of
1nn-VYPHPr does incur a primary KIE. This is consistent with
a concerted path vi@ or a stepwise path in which biradicas
andB are reversibly formed. Reversible ultrafast cyclopropy-
Icarbinyl radical clocks have been implicat&dand there is
substantial precedent to suggest formationAofand B are
extremely fast, leaving the abstractio@)(as the likely rate-

extent than in the case of (sileib (1). Natural bond order
calculations on the singlets of (Heb (1) and (HO}Ta (2')
indicate that 5d/6s mixing for the latter is greater than the
corresponding 4&5s mixing accorded the formét While the
modest decrease in the btbrus of (HO}Ta (2') is subtly visible
in Figure 3, Cummins’ related calculational study of Mo(IV)
and W(IV) tetraenolates more visibly supports this contention.
The distorted (i.e.D2q) Mo complex manifests a significant
torus, and its (d)? configuration affects the structure, whereas
the smaller torus pertaining to the W analogue permits nearly
square planar coordinatigA.

3.2. Density of States and Second vs Third Row Reactivity.
A perusal of the common literature pertaining to transition metal
reactivity reveals that the second row elements typically manifest
faster rates than third row elements for comparable transforma-
tions. Figure 7 illustrates the usual explanatighat slightly

determining step in such a sequence. While these simulationsstronger bonds to the third row elemehtgenerate higher
indicate that there need not be an independent path intercon-transition states due to intrinsically higher free energy surfaces

verting diastereomers, neither this nor more complicated mech-

but also shows how the greater density of states (DOS) accorded

anisms can be ruled out. Attempts to buttress these experimentsecond row species can be an important factor in lowering

through cis- and transCHD=CHD association/dissociation
experiments were hampered by difficulties in confidently
assaying the stereochemistry of the bound olefin without label
los$ or inducing isomerism.

3.1.8. Electronic Origin of the DOS Difference Between
Nb and Ta. At the heart of the density of state difference
between Nb and Ta substitution is the position girdlative to
the remaining d-orbitals. Its proximity in energy tgdnd g,
in (silox)sNb (1) gives rise to a more dense set of states derived
from population of these three orbitals in comparison to

transition state energies. As espoused above, the greater DOS
of second row complexes will allow greater mixing of surfaces
at or near the transition state, causing them to be even lower in
energy, thereby contributing to generally faster rates than those
exhibited by third row complexes. Due to the lanthanide
contraction, the metric parameters of similar second and third
row transition metal complexes are usually quite alike; hence
the reaction coordinate in Figure 7 is assumed to be applicable
to both rows.

While general DOS differences between 4d and 5d elements

(silox)sTa (2). Two dependent factors can be used to understandare evidenced spectroscopicalbyit is pertinent that thead/(n

this phenomenon. First, the field strengths of second row

+ 1)s mixing argument is also general. A perusal of the

transition elements are well documented spectroscopically to electronic configurations of the transition elements reveals

be roughly 16-20% weaker than corresponding third row
transition element® A weaker field will generally produce a

several 6%d™ configurations for the third row, whereas the
second row possesses a number 3#8%8"! related configura-

greater density of states. Second, with specific regard to thetions33 Again, the origin of these differences is attributed to

ndz/(n + 1)s energies, the relatively lower 6s orbital will mix
with 5dz2 of tantalum to a greater extent than the 5s mixes with
the 442 of niobium. The lower energy of the 6s orbital with

the lower energy of the 6s orbital and slightly higher relative
energies of the 5d orbitals due to relativistic contraction of the
former and expansion of the latf&The electron configurations

respect to the 5d orbitals in tantalum is a consequence of theare a simple indication that the 6s is lower in energy with respect

well-known relativistic contraction of s and p shells in concert

with the radial expansion and energetic destabilization (due to

increased screening) of d and f shéfi3hese relativistic effects
are substantially greater in third row transition elements in
comparison to the second row.

From line spectra of M(0) and M{}ignoring differences in
exchange and coulomb repulsietis is estimated that the 6s
orbital of Ta ([Xe]624f45cF) is roughly 15 000 cm! lower in
energy with respect to the Bdhan the 5s orbital of Nb ([Kr]-
5sM4dY is to the 4¢.31 Upon application of the trigonal ligand
field, the greater mixing of 6s with Sdattenuates the torus of
the latter and lowers its energy in (silgXp (2) to a greater

(28) (a) Halgren, T. A.; Roberts, J. D.; Horner, J. H.; Martinez, F. N.; Tronche,
C.; Newcomb, MJ. Am. Chem. So200Q 122, 2988-2994. (b) Newcomb,
M.; Johnson, C. C.; Manek, M. B.; Varick, T. B. Am. Chem. S0d.992
114, 10915-10921.

(29) Figgis, B. N.; Hitchman, M. ALigand Field Theory and Its Applications
Wiley-VCH: New York, 2000.

(30) Pyykko, P.Chem. Re. 1988 88, 563-594.

(31) (a) Niobium: Moore, C. E., EdAtomic Energy Leels Vol Il (National
Bureau of Standards, NSRDS-NBS 35); U.S. Government Printing Of-
fice: Washington, DC, 1971. (b) Tantalum: Moore, C. E., Bdomic
Energy Leels Vol lll (National Bureau of Standards, NSRDS-NBS 35);
U. S. Government Printing Office: Washington, DC, 1971.

to the 5d than the 5s is to the 4d level.

The greater attenuation of the torus ofZ5ds 4dz renders
this orbital critical to the geometry, redox properties (e.g.,
oxidative addition/reductive elimination rates), and stability of
second row vs third row transition metal complek&g?
Caulton’s careful examination of Ru and Os chem##yhas
provided evidence that Os has a greater preference for saturation
and often possesses more mefaand bonds. He rationalizes
the differences on the greater reduction capability of the 5d metal
or its capacity to form stronger metdigand bonds$? A greater
involvement of the 6s orbital in bonding would certainly support
the latter conclusioff In addition to Cummins’ group 6 work
the structures of (siloyMoCl and (silox}MoEt are trigonal

(32) Soo, H. S.; Figueroa, J. S.; Cummins, CJCAm. Chem. So2004 126,
11370-11376.

(33) Oxtoby, D. W.; Gillis, H. P.; Nachtrieb, N. HPrinciples of Modern
Chemistry 5th ed.; Thomson Brooks/Cole: United States, 2002. For a plot
of orbital energies vsZ, see Figure 15.39 therein.

(34) Lee, J.-H.; Pink, M.; Caulton, K. G®rganometallic2006 25, 802—-804.

(35) (a) Watson, L. A.; Ozerov, O. V.; Pink, M.; Caulton, K. &.Am. Chem.
Soc. 2003 125 8426-8427. (b) Walstrom, A.; Pink, M.; Yang, X
Tomaszewski, J.; Baik, M.-H.; Caulton, K. G@. Am. Chem. SoQ005
127, 5330-5331.
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M2nd(R) + M3rd(R)

M2nd(R) + M3rd(R)

M2nd(P) + M3'd(R)

M2nd(R) + M3rd(p)

TS 2nd row

M2nd(P) + M3rd(R)
M2nd(R) + M3rd(R)

BDE 2nd row < BDE 314 row

DOS 2n4 row > DOS 3rq row

Figure 7. The nominally faster reactivity of second row transition metals in comparison to third row species stems from BDE differences and consideration

of the relative densities of states contributing to the transition state.

monoprismatic, while the corresponding (sil¢#)Cl and
(silox)sWMe derivatives are squashed tetrahedr@ihe struc-
tural differences can be traced to the relatively lower lying 5d

from 1-ole and none on association 1o The lesser DOS for
the third row tantalum renders a steeper surface intersection
region for its transition state; the lack of an LFE upon

orbital, which is occupied as the geometry approaches squaredissociation of olefin from2-ole and a significant LFE upon

planar. In terms of reactivity studies, OzevSmith3° and
Milstein*® have noted a greater propensity for ArX bond
activation in & Rh complexes relative to their Ir congeners,
which tend to exhibit ArH bond activation chemistry. It is
plausible that the relatively higher lying Adrbital of Rh acts
in a nucleophilic fashion to activate aryhalide bonds via ¢
YRh(ArX), whereas the 5dorbital of Ir is quite low in energy,
and the electrophilic activation of aryhydrogen bonds takes
precedence via 4YIr(ArH).

4., Conclusions

Dramatic differences in olefin substitution are observed for
(silox)sNb(ole) (1-ole) vs (silox}Ta(ole) @-ole) and for as-
sociation to (siloxjNb (1) vs (siloxyTa (2), as discerned from
kinetics studies in conjunction with high-level quantum calcula-
tions. Electronic configurations of reactahble (2-ole) andl
+ olefin (2 + olefin) states show that the transformations are
orbitally forbidden, and further examination of correlation

association t@ is consistent with this portrayal. The rearrange-

ment of a radical probe, combined with calculational evidence,
suggests that the transition state for olefin dissociation and
association possesses biradical character. As a consequence of
this work, it is suggested that the greater DOS observed for
second row transition metal complexes is an important factor
in their generally faster reactivity than corresponding species
of the third row.

5. Experimental Section

5.1. General Considerations All manipulations were performed
using either a glovebox or high vacuum line techniques. Hydrocarbon
solvents containing-22 mL of added tetraglyme and ethereal solvents
were distilled under nitrogen from purple sodium benzophenone ketyl
and vacuum transferred from the same prior to use. Benden@as
dried over activate 4 A molecular sieves, vacuum transferred, and
stored under N All glassware was oven dried, and NMR tubes for
sealed tube experiments were additionally flame-dried under dynamic
vacuum. Gaseous reagents (isobutyleme2-butene (Matheson), etc.)

diagrams suggests that several surfaces may mix to provide anwere used as received and passed ovei78 °C trap when possible.
adiabatic process. The greater density of states (DOS) for the99% **C;Hs and GD, were purchased from Cambridge Isotope

second row niobium affords a relatively flat transition state

region that is manifested by an LFE relationship on dissociation

(36) (a) Landis, C. R.; Firman, T. K.; Root, D. M.; Cleveland JTAm. Chem.
So0c.1998 120, 1842-1854. (b) Landis, C. R.; Cleveland, T.; Firman, T.
K. J. Am. Chem. S0d.998 120, 2641-2649.

(37) Kuiper,D. S.; Douthwaite, R. E.; Mayol, A.-R.; Wolczanski, P. T.; Cundari,
T. R. Manuscript in preparation.

(38) (a) Gatard, S.; €enligil-Cetin, R.; Guo, C.; Foxman, B. M.; Ozerov, O.

Am. Chém. So006 127, 2808-2809. (b) Fan, L.; Parkin, S;

Ozerov 0. V.J. Am. Chem. So2005 127, 16772-16773.

(39) Cho, J. Y.; Tse, M. K.; Holmes, D.; Maleczka, R. E., Jr,;
IIl. Science2002 295 305-308.

(40) Ben-Ari, E.; Cohen, R.; Gandelman, M.; Shimon, L. J. W.; Martin, J. M.
L.; Milstein, D. Organometallic2006 25, 3190-3210.

Smith, M. R.,
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Laboratories. (siloxNb(ole) (-ole; ole= 13C,H,, C,D4, C;H3R (R=
Me, Et, Ph),(:Cng, CCeH10, °C7H10 (l"lObel’nel’\(—:‘)ﬁ,41 42(S||OX)3NbPM%,22
(silox)sTa/® and (silox}Ta(ole) @-ole; ole= *3C;H,4, C,D4, C;H3R (R
= Me, Et, Ph) CsHg, “CeH10, °C7H10 (norbornenef)*3*4were prepared

(41) Veige, A. S.; Wolczanski, P. T.; Lobkovsky, E. Bngew. Chem., Int. Ed.
2001, 40, 3629-3632.

(42) Veige, A. S.; Kleckley, T. S.; Chamberlin, R. L. M.; Neithamer, D. R.;
Lee, C. E.; Wolczanski, P. T.; Lobkovsky, E. B.; Glassey, W. .
Organomet. Chenil999 591, 194-203.

(43) Neithamer, D. R.; LaPointe, R. E.; Wheeler, R. A.; Richeson, D. S.; Van,
Duyne, G. D.; Wolczanski, P. T1. Am. Chem. Sod 989 111, 9056~
9072.

(44) Covert, K. J.; Neithamer, D. R.; Zonnewylle, M. C.; LaPointe, R. E,;
Schaller, C. P.; Wolczanski, P. Thorg. Chem.1991, 30, 2494-2508.
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according to literature methods. Equilibria involvideple + ole = the same products in a 1.7:1 ratio. The mixtures were used directly to
1-ole¢ + ole were measured previouslyransVinylphenylcyclopropane make stock solutions in éDs for kinetics experimentsly-VyPhPr:
was prepared frontrans-phenylcyclopropyl-methand?, followed by H NMR (CeDs) 6 1.22 (s,Bu, 81 H), 1.24 (m, €HH, 1H), 1.33 (m,
oxidation to the aldehyd®,and a Wittig procedur#’. CBHH, 1H), 1.82 (m, CHVy, 1H), 2.01 (ddd] = 9, 4, 4 Hz, CHPh,
NMR spectra were obtained using Varian XL-400, INOVA-400, and 1H), 2.13 (m,J = 12, 6 Hz,=CHH, 1H), 2.15 (mJ = 12, 12, 8 Hz,
Unity-500 spectrometers, and chemical shifts are reported relative to —CH=, 1H), 2.74 (m,J = 12, 6 Hz,=CHH, 1H), 7.01 (t,J = 7 Hz,
benzeneds (*H, 6 7.15;C{*H}, 6 128.39). p-H, 1H), 7.10 (d,J = 6 Hz, 0-H, 2H), 7.17 (t,J = 7 Hz, m-H, 2H);
5.2. Procedures. 5.2.1. (silogNb(;-iso-C4Hg) (1-i50-C4Hs). Into C NMR (CsDg) 21.26 (CH), 23.81 (SiC), 29.85 (PhCH), 34.10
a 50 mL flask attached to a calibrated gas bulb were placed (C(CHs)s)s, 35.50 (VyCH), 71.33%CHy), 81.03 (~CH=). Irradiation
(silox)sNbPMe; (150 mg, 0.184 mmol) and pentane (20 mL). Isobutene Of the benzylic proton at 2.01 produced an NOE on only the resonance
(0.368 mmol, 2 equiv) was added-a¥8 °C. As the solution warmed ~ atd 2.15. 1y VYPIPr: *H NMR (C¢De) 6 1.16 (m, CHH, 1H), 1.23
to 23°C, its blue-purple color turned brown-green. The solution was (S, 'Bu, 81 H), 1.27 (m, €HH, 1H), 1.73 (m,J = 13, 8 Hz,=CHH,,
stirred for 30 min, and the volatiles were removed. Pentane (20 mL) 1H), 1.94 (m,J =9, 5, 4 Hz, CHPh, 1H), 2.28 (m, VyCH, 1H), 2.54
was added to the solid and removed three times. Pentane (20 mL) wadm, J = 15, 8 Hz,=CHcH, 1H), 2.88 (m,J = 15, 13, 2 Hz,—CH=,
added, and the solution was filtered and concentrated to 2 mL. 1H), 7.03 (t.J =7 Hz, p-H, 1H), 7.09 (dJ = 7 Hz, 0-H, 2H), 7.18,
Crystallization at—78 °C afforded 120 mg (0.151 mmol, 82%) of (&, J =8 Hz,mH, 2H); *C NMR (CeDs) 6 18.09 (CH), 23.84 (SiC),
brown-green crystaléH NMR (CsDe) 6 1.26 (s,'Bu, 81 H), 2.13 (br 27.95 (PhCH), 31.11 (@Hs)s), 31.83 (VYCH), 64.19CHy), 82.53

s, CH;, 6 H), 2.15 (br s, Chl 2 H). (—CH=). Irradiation of the benzylic proton &t 1.94 produced NOE
5.2.2. (silox)Nb(y-cis-2-C4Hs) (1-cis-2-C4Hg). Into a 50 mL flask on the resonances atl.73, 2.54, and 2.88. (b) The dideuterio species
attached to a calibrated gas bulb were placed (sitb®Me; (150 mg, 1-D-VyPHPr was prepared fromans a,a-dideuteriovinyl-phenylcy-
0.184 mmol) and pentane (20 mijs-2-Butene (0.368 mmol, 2 equiv)  clopropane and-PMes according to a. In the major isomer, theCH;
was added at 78°C. As the solution warmed to 2, its blue-purple resonances were missing, and th&.15 resonance collapsed to an 8

color turned brown-green. The solution was stirred for 30 min, and HZ doublet; in the minor isomer, theCH; resonances were missing,
the volatiles were removed. Pentane (20 mL) was added to the solid @nd thed 2.88 resonance collapsed to a broad singlet.

and removed three times. Pentane (20 mL) was added, and the solution 5.2.6. (silox)Nb=CHCH=CHCHCH:Ph (3).(a) A GsDs solution
was filtered and concentrated to 2 mL. Crystallization-&&8 °C of 1m-VyPHPr andlm:-VyPHPr was heated fob h at 150°C, and the

afforded 110 mg (0.138 mmol, 75%) of brown-green crystsNMR solution turned from olive-brown to emerald green. gCOSY and gHSQC
(CeDe) 6 1.26 (s,'Bu, 81 H), 2.19 (m, CH| 6 H), 2.52 (m, CH, 2 H). NMR spectroscopic experiments allowed identification of two products
13C{1H} NMR 6 21.96 (CH), 23.47 C(CHs)s), 34.79 (CCHs)s). 79.80 in a 1.2:1 ratio that were thigans andcis isomers of3, respectively.
(CH). trans-3: 'H NMR (CgDs) 0 1.28 (s,Bu, 81H), 2.59 (m, CHCH,, 4H),

5.2.3. (silox)Ta(y-iso-C4Hg)(2-is0-CsHg). Into a 50 mL flask 4.40 (dt,J = 14.8, 6.8 Hz=CHCH, 1H), 7.75 (dd,J = 14.8, 10.6
attached to a calibrated gas bulb was pla2¢800 mg, 0.242 mmol) ~ Hz, —CH=, 1H), 9.86 (dJ = 10.6 Hz, Nb=CH, 1H);**C NMR (CeDs)
and pentane (20 mL). Isobutene (0.484 mmol, 2 equiv) was added at® 23.92 (SiC), 30.99 (QfHs)s), 34.18 (<CHCH,), 38.24 (CHPh),
—78°C. As the solution warmed to 2 its blue-green color turned ~ 113.81 €CHCH,), 126.36 p-C (Ph)), 128.92¢-C (Ph)), 129.121(-C
red-orange. The solution was stirred for 30 min, and the volatiles were (Ph)), 134.624-CH=), 143.05 {pso-C (Ph)), Nb=CH— not observed
removed. Pentane (20 mL) was added to the solid and removed threedue to quadrupolar broadenifgis-3: *H NMR (C¢De) 0 1.28 (s,
times. Diethyl ether (20 mL) was added, and the solution was filtered BU, 81H), 2.48 (dt] = 7.7, 7.5 Hz,=CHCHy, 2H), 2.59 (m, PhCH
and concentrated to 2 mL. Crystallization-a8 °C afforded 176 mg ~ 2H), 4.11 (dt,J = 10.6, 7.5 Hz=CHCH;, 1H), 7.81 (dd,J = 10.6,
(0.218 mmol, 90%) of red-orange crystalis. NMR (CsDs) 6 1.26 (s, 10.6 Hz,—CH=, 1H), 9.95 (d,J = 10.6 Hz, Nb=CH, 1H); *C NMR
'Bu, 81 H), 2.13 (br s, CH 2 H), 2.53 (s, CH, 6 H). (CeDe) 6 23.89 (SIC), 29.98 £CHCH,), 30.99 (CCH3)s), 37.34

5.2.4. (silox)Ta(y-cis-2-CaHg) (2-cis-2-CHe). Into @ 50 mL flask ~ (PNCH), 111.85 £CHCHy), 126.29 p-C (Ph)), 128.89¢C (Ph)),
attached to a calibrated gas bulb were pla2€200 mg, 0.242 mmol) 129.08 (n-C (Ph)), 134.43{CH=), 142.91 (p_soC (Ph)), Nb:_CH_
and pentane (20 mLEis-2-Butene (0.484 mmol, 2 equiv) was added nqt observed due to quadrupolar broaderirf) The_rmoly_5|s of a
at—78°C. As the solution warmed to 2 its blue-green color turned ~ MXtureé of 1n-Dz-VyPIFPr and 1myDo-VyPHPr providedcis- and
red-orange. The solution was stirred for 30 min, and the volatiles were rans3 with alkylidene protons absent in thel NMR spectrum and

removed. Pentane (20 mL) was added to the solid and removed threethe integrated int_ensity of the methylene resonances consistent with
times. Diethyl ether (20 mL) was added, and the solution was filtered CHDPh groups (i.e., 1H)irans3-Dz: H NMR (CeHe) 6 2.55 (bs,
and concentrated to 2 mL. Crystallization-a8 °C afforded 180 mg ~ CHDPh), 10.00 (bs, N&CD—). cis-3-Dz: “H NMR (CeHg) 6 2.5 (b,
(0.223 mmol, 92%) of red-orange crystalls. NMR (C¢Dg) 0 1.26 (s, CHDPh), 10.01 (bs, N5CD—).
Bu, 81 H), 2.20 (m, Ch| 6 H), 2.64 (sept, CH, 2 H). 5.3. Kinetics. General.Flame dried NMR tubes, sealed to 14/20
5.2.5. (silox)Nb(y%-trans-H,C=CH,2-Ph-<Pr) (1-VyPhePr). (a) Into grot_md glass joints, were charged_ with the organometallic reagent
a 100 mL three-necked flask charged with 350 mg (0.479 mmol) of (typically '20 mg) or stock solution in a dry box and removed to the
(silox)sNbPMe; (1-PMes) equipped with a side arm containing 68 mg ~ Vacuum line on needle valve adapters. 'I_'he NMR tube Was_degassed,
(0.472 mmoljtransvinyl-phenylcyclopropane were distilled 50 mL of and after transfer of deuterated solvent (if necessary), a calibrated gas
pentane at-78 °C. The olefin was added at78 °C, and the solution bulb was used to introduce any volatile reagents at 77 K. The tubes
turned from blue-purple to brown as it was allowed to warm t6@3 were then sealed with a torch. Rates, fits, and Eyring parameters were
After the solution stirred fol h at 23°C, the volatiles were removed determined from least-squares regression analyses by Microsoft Excel
in vacuoand the remaining brown-olive oil was triturated with pentane  ©F Scientist 2.0 by MicroMath.
(3 x 20 mL). *H NMR spectroscopic analysis indicated two sets of 5.3.1. Niobium. (a) All olefin dissociations were conducted and
resonances corresponding to a 2.2:1 ratio of major and minor diaster-monitored in the dark byH NMR spectroscopy in benzermg-with
eomers ofl-VyPHPr (95% yield). Samples prepared atZ3showed ethylene (10, 20, and 40 equiv) as the trapping olefin. Desired
temperatures were maintained by calibrated GC ovens. The conversion

(45) Denmark, S. E.; Dewards, J. P.Org. Chem1991, 56, 6974-6987. was determined from the ratio of the starting (sihi)(ole) (-ole) to

(46) fgéd\fldlglllg-z;tspatapoff, T. W.; Barden, T. &.Am. Chem. Sod.984 1-C;H,. Rates obtained from the three tubes with different equivalents

(47) Theberge, C. R.; Verbicky, C. A.; Zercher, C.X.Org. Chem1996 61, of ethylene were averaged for inclusion in Eyring plotd. NMR
8792-8798. resonancéaised for kinetics were as follows-C;Hg, 6 2.40 (m, CHj,
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4 H); 1-13CH,, 6 2.40 (m, CH, 4 H); 1-C,H3;Me, 6 2.26 (d, CH, 3 equiv) vs GHs (6 4.95, CH, 10 equiv),2-°CsHs (6 3.71, GH) vs
H); 1-C;HsEt, 6 2.50 (m, CH, 1 H);1-C;HsPh,é 2.73 (dd, CHH;, 1 2-C4Hg (0 2.22, CH);°CsHg (6 1.69, GH,, 150 equiv) vs GHg (0 5.71,
H); 1-is0-C4Hg, 6 2.13 (s, CH, 6 H); 1-cis-2-C4Hg, 6 2.19 (m, CH 6 CH, 10 equiv),2-°CsHg (6 3.71, GH) vs 2-CgHs (6 2.73, CH); GHs
H); 1-°CsHs, ¢ 2.88 (ddd, GHendo 2 H); 1-CgHa1o, 0 2.57 (M, GHenda (6 4.95, CH, 50 equiv) vs GHs (0 5.71, CH, 10 equiv)2-C4Hs (0
2 H); 1-°C7H0, 6 3.02 (s, CH, 2 H). 2.22, CH) vs2-CsHs (0 2.73, CH); GHs (0 5.71, CH, 260 equiv) vs

(b) For the rearrangement of (silak)b(;>-transH,C=CH,2-Ph- CoH4 (6 5.25, CH, 10 equiv),2-C3He (0 2.73, CH) vs2-C,H4 (6 2.32,
°Pr) (1-VyPHPr), a 0.04 M stock solution was prepared igDg and CHy); C;HsPh (0 6.55, CH, 30 equiv) vs £, (6 5.25, CH, 10 equiv),
equal amounts (0.5 mL) were added to three NMR tubes (attached t02-C;HsPh (0 3.47, CH) vs2-CoHy (6 2.32, CH); “CsHg (6 1.69, CGHa,
14/20 adapters) for each experiment; rearrangement (3 tubes), rear40 equiv) vsiso-C4Hg (6 1.59, CH, 10 equiv),2-°CsHg (6 3.71, GH)
rangement with 20 equiv ethylene (2 tubes), atdD,-VyPhPr Vs 2-is0-C4Hs (0 2.53, CH); cis-2-C,Hs (60 1.50, CH, 140 equiv) vs
rearrangement (3 tubes) were observed simultaneously. Ethylene adduciso-C4Hs (6 1.59, CH, 10 equiv),2-cis-2-CsHg (0 2.64, CH) vs2-iso-
1-C,H, was monitored by itsd 2.40 resonancelq-VyPhPr was C4Hs (0 2.53, CHy).

monitored by itsd 2.74 signal,1nVyPhPr was monitored by it® 6.4. Calculations. To obtain the minima in this research, full
2.88 multiplet, andtis- andtrans-3 were monitored by their resonances geometry optimizations, without any metric or symmetry restrictions,
ato 7.78. were performed using the Gaussiartf®&ckage, and these employed

(c) Protons pertaining teis-3 (0 4.11) andtrans-3 (6 4.40) were density functional theory (DFT), specifically the BLYP functior&l.
observed to exchange at 12C during an EXSY experiment with a  Atoms were described with the Stevens effective core potentials (ECPs)
mixing time of 0.5 s. and attendant valence basis sets (VB33his scheme, dubbed CEP-

6.3.2. Tantalum. 6.3.2.1. Direct Measurements stock solution 31G(d), entails a valence triplet zeta description for the transition metals,
of (silox)sTa (2, 0.0017 M) in benzends was prepared, and 0.6 mL  a doubleé-plus-polarization basis set for main group elements, and
aliquots were added to six NMR tubes for each of the three cyclic the -31G basis set for hydrogen. This level of theory was selected on
olefin runs (18 total). Excess olefin in varied amounts was added to the basis of a series of test calculations on the singlet and triplet states
NMR tubes via a gas bulb, and their respective concentrations were of Nb(OH); (1), Ta(OH} (2'),? and their olefin adducts.

determined by'H NMR integration (see Table 1.). . .
Data for the second-order plot of the binding “@&Hio to 2 was Acknowledgment. Support from the National Science Foun-

based on monitoring one independent tube. 1 equiv of cyclohexane dation (PTW, CHE-0212147; TRC, CHE-0309811) and Cornell
(0.0101 mmol, 14 Torr in 13.0 mL) was added to an NMR tube University is gratefully acknowledged. Profs. Barry K. Carpenter
containing 0.6 mL of a 0.017 M solution & At t = 0, *H NMR and Floyd H. Davis are thanked for helpful discussions.

spectroscopic analysis confirmed that 1.02 equi¥Gafi,o were added.

Conversion was determined at 26 from the ratio of integrations of Supporting Information Available: - Crystallographic data and

2 to the resulting olefin adduct, (silogag)-CeHzo) (2-CeHac). complete ref 4_18. NMR spectrosc_oplc data ﬂeole_andz-ol_e
6.3.2.2. Relative Rate Studiesn each case two olefins were added May be found in previous Supporting Informatfofhis material
in excess via a gas bulb to an NMR tube contairirig benzenes. is available free of charge via the Internet at http://pubs.acs.org.

The tubes were thawed in a 26 water bath. Each competition study
was done in triplicate, and the product distributions were analyzed by
H NMR spectroscop§.The number of equivalents of each added olefin (48) Frisch, M. J. et alGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.

JA074972]

(vs 2) and the chemical shifts used for analysis are as follo¥sH10 (49) gafrr, ge.u G.; Yal_r{g,l;l\Densig-;ungtiggggTheory of Atoms and Molecules
B . XTOrt niversity Fress: XTora, .

(6 1.50, GHq, 150 equiv) vsCsHg (6 1.69, GHo, 10 equiv),2-CeHio (50) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, FC&. J. Chem1992

(0 2.68, GHexo) VS 2-°CsHg (0 3.71, GH); °CsHg (6 1.69, GHa, 150 70, 612-630.
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