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Competition between C-C and C—H Activation in Reactions of Neutral Yttrium Atoms
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The reactions of neutral, ground-state Y¥as’d') with 1-butenegis-2-butenefrans-2-butene, and isobutene

were studied using crossed molecular beams. At a collision energy of 26.6 kcal/mol, four processes were
observed for reactions wittis- andtrans-2-butene and 1-butene, corresponding to nonreactive scattering of
yttrium atoms and formation of YfEs + H,, YH, + C4Hs, and YCH + CsHg. For the isobutene reaction,

all channels but the Yiproduct channel were observed. Experimentally measured product branching ratios
indicate that YGHs formation is always the dominant process. However,disf and trans-2-butene and
1-butene, YH formation is significant. Formation of YCHwas minor for all four isomers. At a collision
energy of 11.0 kcal/mol, only Y4 + H, and nonreactive scattering were observed for all four butene
isomers. A common mechanism is proposed for reactions of Y with all four isomers, involving formation of
a w-complex, followed by insertion of Y into a methyl-€H bond producing a methyl-substituted-+Y —

allyl intermediate, followed by competition among three hydrogen migration processes each leading to a
distinct product channel.

I. Introduction H,C HC

H H \ H \ H H H H\ H
N/ / /7 \N 7 /
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The reactions of neutral ground-state yttrium atoms,?D(a [ I I [ I
db), with small molecules have been studied fairly extensively, < S pe N C
both experimentally and theoretically. These reactions are H,C H,C CH, H,CHC H,C  CH,

important because Y is the simplest second-row transition metal propene  Cis-2-Butene  Trans-2-Butene l-Butene  Isobutene
atom, possessing only one d electron. Some of the earliestFigure 1. Structures of propene and four butene isomers.
studies focused on reactions with acetyléAethene’ 6 and
ethane, =9 for which the comparison between experiment and
theory led to a good understanding of the potential energy
surfaces for the reactions. Subsequently, reactions with larger  20f
molecules have been examined. In particular, we have recently
reported on the reaction of yttrium atoms with cyclopropése
and propené! as well as with propyne and 2-buty#eOf these
larger molecules, only the reaction of Y with cyclopropane has
been studied theoretical®?

While reactions of Y with acetylene, ethene, and ethane are
quite interesting from a dynamics viewpoint, they are mecha-
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nistically very simple. In each case, only products resulting from H

H : . m-complex  H-Y-allyl H~(¢
C—H activation were observed. The proposed mechanism  -4o0f w -
involved formation of arz-complex between Y and £, or pird /H)Y |
C;Ha, followed by C-H bond insertion (or direct €H bond o1 N w?

insertion in the case of £lg).2*° In each case, H migration 60}

led to elimination of H (or additionally, YH + C;Hy4 in the . . . . .

. . . Figure 2. Schematic potential energy diagram for the reaction of
case of etharf AS_ desc“bed in the preV'OIj'S paper, for the ground-state Y @D) with cis-2-butene. Energies of stationary points
Y + propene reaction, a slightly more complicated mechanism \ere estimated from calculations on- C,H,5 Energies of product
was proposed to explain the experimental observation th@@ C ~ asymptotes were calculated from known thermodynamic values and
activation, producing YCH+ C,H4, was competitive with €H calculated bond dissociation energié:16
activation producing YeH, + H, and YH, + CgHj. 1t In this
study, we expand upon that work by examining the reactions
with four isomeric butenes, which are essentially propene
molecules with one additional methyl group (Figure 1). On the
basis of estimated potential energy barrier hefghatsd ther-
modynamics (Figure 21316 it is expected that analogous

product channels to those observed for propene should be seen
for the butenes. Therefore, a comparison between reactions with
butene isomers to reactions with propene should allow us to
further test the validity of the proposed mechanisms.

II. Experimental Section

*To whom correspondence should be addressed. E-mail: hfdl@ 1he reacti_ons of Y @) and 1_-buten_ecis— and trans-2-
cornell.edu. butene, and isobutene were studied using a crossed molecular
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TABLE 1: Experimental Conditions for Y -+ Butene 500F S ' NE
Reactions 15
Y + Butenes 0 &
o
butene butene ~ S00F 180 T 710 ]
Y carrier Y beam Y beam butene beam beam Z .
Ecol® gas velocity> fwhmP  mixture velocity’ fwhm? Z / s‘i-g
0 ) .
11.0 Ne 1100 150 8% in He 1275 116 500F 7 ) i j 30° 1
26.6 He 2200 370 8%inHe 1275 116
aValues in kcal/mol® Values in m/s. 0 } % o
- 100 200 100 200
\\00 0=0° 1:00 20° thht Time, t (HS)

Figure 4. Sample TOF spectra for Y/ products at indicated
lab angles for the Y+ cis-2-butene reaction &.q = 26.6 kcal/mol

(O). Solid-line fits were generated using CM distributions shown in
Figure 8.
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Figure 3. Newton diagram in velocity space for the reaction+Y 50F N ¥ ]
cis-2-butene aE. = 26.6 kcal/mol. Circles represent the maximum N i o R
CM velocity constraints on the indicated metal-containing fragment 100 200 100 200

from the various product channels based on reaction thermodynamics . .
as shown in Figure 2 and momentum conservation. Flight Time, t (ps)

Figure 5. Sample TOF spectra for Yiproducts at indicated lab angles
beams apparatd$ The atomic Y beam and the moleculajHs for the Y + cis-2-butene reaction &, = 26.6 kcal/mol ¥). Solid-
beams were produced using the same methods as described iline fits were generated using CM distributions shown in Figure 8.

the previous paper. Relevant parameters for these beams are

given in Table 1. All other conditions for the reactions described 40f 12° ¢ 18° 4
here, along with the procedures for gathering and fitting the 20F . + = 1
data, were the same as those described previdtély. OWA -
~ 40} 21° 24° 1
lll. Results N 1 . 1
A. Ecol = 26.6 kcal/mol.The reactions of Y with four butene “ OA&M\\A‘
isomers, namely, 1-buteneis-2-butene trans-2-butene, and 40f 27° + 33° 4
isobutene, were studied at a collision enerfgy() of 26.6 kcal/ 20f ¥ 1
mol. In reactions with 1-butene argis- and trans-2-butene, 0 L™ | e A e
four processes were observed: 100 200 100 200
Flight Time, t (us)
Y (a°D;; 554d") + C,Hg— YC,Hg + H, (¢D)] Figure 6. Sample TOF spectra for YGHproducts at indicated
lab angles for the Y+ cis-2-butene reaction &.q = 26.6 kcal/mol
—YH, + C,Hg (2) (O). Solid-line fits were generated using CM distributions shown in
Figure 8.
— YCH, + C;Hq 3) N )
and YCH exhibited only one peak, while those for ¥showed
—Y + C,Hg 4) two peaks at some angles. This is expected on the basis of the

Newton diagram (Figure 3). The Newton circle for ¥id larger
Reactions with isobutene led to channels 1, 3, and 4. Time-of- than that for YGHg because of a heavier recoiling partnesHie
flight (TOF) spectra for all four isomers were similar in versus H) and is larger than that for YCHbecause YH

appearance, so only data for thetYcis-2-butene reaction will formation is less endoergic. This can also be seen in the
be shown. A Newton diagram for this reaction is shown in corresponding lab angular distributions, which are shown in the
Figure 318 second panel of Figure 7, along with the lab angular distributions

Time-of-flight spectra for formation of Y&Hs, YH», and for the other three butene isomers. The angular distributions
YCH, are shown as open points for indicated lab angles in for YH, span a much larger range of lab angles than those for
Figures 4, 5, and 6, respectively. The TOF spectra fosHC YC4He or YCH,. Solid-line fits to the data were generated using
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Figure 7. Lab angular distributions for all reactive product channels from the reaction of Y with all four butene isorkgsis=at26.6 kcal/mol.

Products are, from top to bottom, Y&s (O), YH> (V), and YCH (O). Solid-line fits were generated using CM distributions shown in Figure 8.
Corresponding product yields are given in upper right corner of each graph. Each distribution is scaled to the same number of scans (two).
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Figure 8. Center-of-mass distributions used to fit the Mg, YHa,

and YCH data shown in Figures 4, 5, 6, and 7 Bf,; = 26.6
kcal/mol.
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the center-of-mass (CM) distributions shown in Figure 8. iy e 9 Sample TOF spectra for nonreactively scattered Y atoms at
|ntel‘eStIﬂg|y, the same CM dIStrIbUtIOI’]S COU|d be Used to flt indicated lab angles for the ¥ cis-2-butene reaction ﬁcon = 26.6
the data for each of the butene isomers. The translational energykcal/mol ). Solid-line fits are the sum of the dashed-line and dash
distributions for YGHg and YH, were peaked well away from  dot line contributions generated using CM distributions shown in Figure
the zero of kinetic energy witlP(E)C= 12.6 and 5.6 kcal/mol, ~ 10. See text for details.
respectively, while for YCH P(E)(= 2.8 kcal/mol. Using the

thermodynamics shown in Figure 2 fois-2-butene, one can Tlme-of-fllght spectra for nonreactively scattered Y atoms
calculate the average fraction of energy appearing in translationare shown in Figure 9 for indicated lab angles. The solid-line
(fy) for each channel. For Y, fr = 0.24, which is typical fits were generated as the sum of two contributions, one
for reactions of Y involving elimination of | For YCH, and corresponding to a direct inelastic scattering process (dashed

YH,, fr = 0.18 and 0.27, respectively. Similar values were lines) and one corresponding to decay of long-lived complexes
obtained for the other butene isomers. The CM angular (dash-dot lines). The CM distributions used for each process
distributions were symmetric aboéit= 90° for each product, ~ are shown in Figure 10. Th&(E) for inelastic scattering
indicating the presence of at least one long-lived intermediate €xtended to the maximum of the collision energy distribution
a|ong the reaction pa’[hway_ For Yids, the CM angu|ar with DP(E)D: 20.4 kcal/mol, while that for Complex decay
distribution was isotropic, as expected on the basis of angularPeaked at lower kinetic energy witP(E)[)= 11.6 kcal/mol.
momentum consideratiot8 The CM angular distributions for ~ Thus the process of complex decay led to greater conversion

YCH, and YH were forward-backward peaking W|tﬁ'(0°)/ of incident kinetic energy into internal excitation of the

T(90°) = 2.8 and 11.0, respectively. molecular reactant (56%) than did direct inelastic scattering
The product branching ratios between formation ofsMg (23%). The CM angular distribution for inelastic scattering was

YCH,, and YH, were measured for each butene isomer. The peaked in the forward direction (ne@r= 0°), whereas that for

values obtained were as follows: for 1-butepigs 1i/dvh/dvch, complex decay was symmetric abait= 90° and forward-

= 1.00:0.52:0.016; focis-2-butenegpyc /Py /dvcr, = 1.00: backward peaked.

0.87:0.011; fotrans-2-butene gyc 1 dvh/Pycn, = 1.00:0.68: B. Econ = 11.0 kcal/mol. Data were also recorded for the

0.014; for isobutenehyc /Py ldycr, = 1.00:0.00:0.034 (upper  reaction of Y with all four butene isomers at a lower collision
right corners of Figure 7 graphs). In determination of these energy of 11.0 kcal/mol. Time-of-flight spectra were taken at
values, Jacobian factors related to the transformations from thethe CM angle for each isomer. For ¥ cis-2-butene, only
lab to the CM reference frame and product fragmentation YC4Hgs products were observed. This collision energy cor-
patterns were explicitly considered. It was assumed, on the basigesponded to the thermodynamic threshold for b@mation

of experiments in the previous paper, that the 157 nm photo- and was only slightly above the threshold for the Xdthannel
ionization cross-sections were the same for each product. (Figure 2).
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igure 12. Proposed mechanisms for the reactions: ropene;
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(b) Y + cis-2-butene; (c) Y+ 1-butene; and (d) ¥t isobutene. Note
V. Di . that the mechanism for - trans-2-butene is similar to that for ¥
- Discussion cis-2-butene so is not shown. Double-sided arrows indicate resonance

When one looks at the data for the reactions of all four butene structures. See text for detalls.

isomers (Figure 7), several observations are immediately evident. |t was noted that the branching ratio for decayrefomplexes
The first is that the data for all four isomers are quite similar, to products relative to that for decay back to reactapisdivd
except that there is no YHfrom isobutene. Second, the dnonreactivd Was an order of magnitude greater for propene
branching ratios for each isomer are similar, except¢kat:,/ compared to ethene, indicating that insertion of Y into the
dveame is approximately a factor of 2 greater for isobutene than 5-C—H bonds of the methyl group in propene (forming-M—
for the other isomers. Finally, for propene, Y& a much  allyl) was an important reaction channel that was not available
more important channel than is ¥HFigure 11), a situation  for ethenel! The presence of a MCTS along the pathway to
that is exactly the opposite to that for the butene reactions yYC3H, formation was postulated by analogy to calculations on
(Figure 7). H, elimination from GH4* and HCO2° The step following

In our previous paper on the reactions with cyclopropane and H—Y —allyl formation on the pathway to formation of Y;Hs
propene, a mechanism was proposed for propene involving an example of intramolecul@H migration. Such a mechanism
initial 7z-complex formation, followed bg-C—H bond insertion is well-known in solution-phase organometallic chemistry, where
to form an H-Y —allyl intermediate-! From this intermediate,  transition metal alkyl complexes containiffigH atoms have
there was a competition among three processes (top to bottombeen observed to be kinetically much less stable than those
in Figure 12a): (1) elimination of molecular hydrogen over a complexes lacking-H atoms??2 The mechanism for YCH
multicentered transition state (MCTS) forming Y&, (2) 5-H formation involving decomposition of a metallacyclobutane
migration to form a dihydride intermediate, which subsequently intermediaté® allowed for G-C activation to occur without
decayed to YH+ C3H,, and (3) reversg-H migration to form direct insertion of the metal atom into a-C bond. For propene,
the metallacyclobutane intermediate, which subsequently de-the availability of a low-energy pathway involving H atom
cayed to give YCH + CyHa. migration for YCH, production facilitated effective competition
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with YC3H,4 production. The YCH product channel would be  again two ways to break bonds to form Y&t CsHe. However,
expected to be very minor if €C bond insertion was required  for Y + cis- andtrans-2-butene and 1-butene, the position of
because the barrier for that process should be significantly largerthe methyl group in the metallacyclobutane intermediate allows
than that for G-H insertion1! for only one way to break bonds to form YGH- C3He.26 The
Owing to the similarity in structures (Figure 1) and the alternative bo_nd fission process I_eads to formation of a
magnitude ofbreactvdbnonreactvfOr propene and the four butene  thermodynamically unfavorable radical species rather than a
isomers, we propose mechanisms for the butenes similar to thatStable alkene. This difference in the position of the methyl group

postulated previously for propene, as shown in Figure 12. The ON the metallaqyclobutane should inherently decrease t_he yield
first step is again formation of a-complex, which should be of YCH, from cis- andtrans-2-butene and 1-butene relative to

bound by approximately 30 kcal/mol relative to reactants (Figure that from iscl)bl;)tene by a f'a;(_:tor °f7 2, in good accord with
2). Because of this deep well, this complex should be long- experimental observations (Figure 7).

lived with respect to its picosecond rotational period, consistent
with the observation of wide-angle nonreactive scattering for
all four butene isomers (Figures 9 and 10). The next step is  The reactions of neutral, ground-state Y atoms with 1-butene,

V. Conclusion

f-C—H bond insertion, forming a methyl-substituted-M— cis- andtrans-2-butene, and isobutene have been studied at two
allyl intermediate that can subsequently decay by the three gifferent collision energies. AEcor = 26.6 kcal/mol, three
competing processes described above for propene. product channels were observed in addition to nonreactive

Formation of YGHs + Hz and YCH + CsHg in the butene scattering for 1-butene argis- andtrans2-butene: YGHg +
reactions are similar to those for the analogous products from Hz, YH2 + C4He, and YCH: + CsHe. For isobutene, all channels
propene. However, there exists a significant difference betweenbut the YH product channel were observed. Analogous product
the reaction mechanisms for butene and propene fofthie channels were observed previously for+Y propene at high
migration step on the pathway leading to ¥H CzH, and collision energies. AEcq = 11.0 kcal/mol, only YGHe + Ha
YCsH4 + Hy. For propene, there is only offeH atom in the was observed, consistent with this collision energy being near
H-Y —allyl intermediate available to undergo migration, resid- threshold for YCH formation and very near threshold for ¥H
ing on the central $phybridized C atom (Figure 12a). Fois- formation. A mechanism involving formation of a methyl-
andtrans-2-butene (Figure 12b) and 1-butene (Figure 12c), the Substituted HY —allyl intermediate, followed by competition
extra methyl group presents thigéd atoms attached toankp ~ @mong three H atom migration processes each leading to a
hybridized carbon atom. Because CjsgH bond strengths are dlstln_ct chemlcal_ c_har_ujel, was _proposed. This mechamsm is
smaller than those for C(§p-H bonds (86.7 kcal/mol for consistent Wlt.h similarities and o!lfferences among reactions of
propene versus 109.7 kcal/mol for ethene, respecfifel§-H each.butene isomer gnd also with comparisons to the propene
migration for the butenes should be more thermodynamically réaction studied previously.
favorable than that for propene. There is also a statistical
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