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center with three meridionally situated PMe; ligands, a phenyl
ligand, and what can best be described as a substituted o-buta-
dienyl ligand. While there appears to be no group in the sixth
coordination site, one of the methyl groups from a rert-butyl
fragment on the butadienyl chain sits over that sixth site at a
distance of 2.782 A, suggesting that there is an agostic Ir~-H~C
interaction occurring at that site.® While hydrogen atoms were
not located in this structure, further support for an agostic in-
teraction was obtained from low-temperature 'H NMR.?

We propose that 2 is formed by the sequence of reactions shown
in Scheme I. Following chloride removal to generate a coor-
dinatively unsaturated iridium center, the tert-butylacetylene
“inserts” into the Ir~H bond to form an iridium~viny! intermediate.
A second equivalent of zert-butylacetylene adds to this still co-
ordinatively unsaturated complex.'® The second tert-butyl-
acetylene then rearranges to a fert-butylvinylidene group.!! The
final product is formed by migration of the vinyl group to the
a-carbon of the vinylidene moiety with the agostic interaction
between the iridium and one of the zerz-butyl methy! hydrogens
stabilizing the final product. Several deuterium labeling exper-
iments fully support this mechanism. If 1 with hydride replaced
by deuteride is allowed to react with 2 equiv of 'BuC==CH, the
deuterium is found exclusively at postion 4 (refer to the numbering
used for 2 in Scheme I). Reaction between hydrido 1 and 2 equiv
of 'BuC=CD gave complementary results, i.e., D located at
positions | and 3. When hydride 1 is allowed to react sequentially
with | equiv of 'BuC==CH followed by 1 equivalent of ‘BuC=CD
after a short time delay, the deuterium is predominantly incor-
porated at position 1.

The mechanism shown in Scheme I suggests that this iridium
system may allow for further additions leading to the oligomer-
ization of alkynes. Following the vinyl to vinylidene migration,
the complex is still formally a coordinatively unsaturated metal
vinyl complex in the absence of the stabilizing agostic interaction.
A third equivalent of alkyne could then add and rearrange to a
vinylidene, and the sequence could continue building up oligomers
of alkynes with a branched structure. Preliminary information
suggests that this may indeed be possible.'?

In this work we have demonstrated an unusual reaction involving
the coupling of two alkynes on iridiun via a vinyl to vinylidene
migration pathway. The iridium complex isolated from the re-
action of tert-butylacetylene is an unusual butadienyl compound
stabilized by a §-agostic interaction. We believe this work lays
the foundation for future investigations into developing the vinyl
to vinylidene migration into a synthetically useful reaction with
an eye toward the synthesis and characterization of novel branched
acetylene oligomers and polymers.
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While E2 and Sy2 reactions of alkyl halides are among the most
studied of all chemical processes in solution, investigations of their
gas-phase ion~molecule counterparts have been greatly hindered
by the difficulty of distinguishing between the two pathways.!
This is the case because in most gas-phase experiments only the
ions are detected, and halide is the exclusive ionic product of both
reactions (eq 1).

Sn2 -
——— CH3CH,CHNu + X (1a)

CH3CHCH X + Nu™ —

(e o CH,CH=CH, + NuH + X~ (ib)

We report that with the proper choice of nucleophiles Sy2 and
E?2 reactions of halides can be distinguished in the gas phase, as
in solution, by their differing deuterium kinetic isotope effects,?
the former showing an inverse secondary ky/kp as small as 0.76
and the latter a normal primary ky/kp as large as 4.7.

What little information is available in the literature about this
competition is conflicting. By using very difficult neutral detection
techniques two groups of workers have come to rather different
conclusions in what seem to be similar systems. Lieder and
Brauman? observed substitution products in the reaction of fluoride
ion with ethyl chloride in an ion cyclotron resonance spectrometer,
whereas Jones and Ellison* detected only the elimination product,
propylene, in the reaction of methoxide ion with n-propyl bromide
in a flowing afterglow apparatus. When the leaving group is not
a halide ion, the different paths can sometimes be distinguished
by the formation of different product ions. For example, ethers,’
formates® nitrites,” and cyclic sulfides® have been shown to undergo
elimination rather than substitution, even when the leaving group
is primary, while sulfites® lead to nearly equal amounts of sub-
stitution and elimination.

Only a few kinetic isotope effects have heretofore been detected
in gas-phase ion—molecule chemistry,51? primarily because these
reactions are so rapid, with measurable rate constants in the range
107°-107'3 cm? molecule™ s7! (1081012 L mol™! s71). Most alky!
halides react with nucleophiles at or near the collision rate, making
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1.21 £ 0.03 (-11)
nr¢
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nr
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3.17 £ 0.10 (-10)
3.27 £ 0.03 (-10)
0.97 + 0.03

1.95 £ 0.13 (-10)
1.91 £ 0.05 (-10)
1.02 £ 0.07

2,05 £ 0.05 (-12)
225 £ 0.11 (-12)
0.91 £ 0.05

nr

7.44 % 0.14 (-10)
7.35 % 0.20 (-10)
1.01 = 0.03

4010
Table I. Rate Coefficients? and Isotope Effects for Reactions of Alkyl Halides with Nucleophiles
reagent: CF;CH,0" H,NS- CF,CF,CH,0"
PA? (kcal mol') 362 362 357

chlorides
MeCl 2.20 £ 0.02 (-10) 1.46 £ 0.07 (-10) 1.01 = 0.02 (-10)
EtCl 2,48 £ 005 (-10) 3.81 £0.14 (-11) 5.88 £ 0.15 (-11)
i-PrCl 431 0.19 (-10) nr 8.46 = 0.36 (-11)
i-PrCl-dg 1.88 £ 0.05 (-10) nr 1.79 % 0.09 (-11)
ku/kp 232 0.1 47£03
t-BuCl 6.07 £ 0.35 (-10) nr 1.69 = 0.05 (-10)
1-BuCl-d, 2,85 0.09 (-10) nr 5.14 £ 0.33 (-11)
ku/kp 212 0.1 3302

bromides
MeBr 8.93 £ 0.20 (-10) 7.04 £ 0.03 (-10) 8.48 £ 0.21 (-10)
MeBr-d, 6.75 £ 0.18 (-10) 8.58 + 0.18 (-10)
ku/kp 1.04 £ 0.03 0.99 £ 0.04
EtBr 1.24 £ 0.04 (-9) 9.05+£0.16 (-10) 9.86 £ 0.42 (-10)
EtBr-d; 1.13£0.04 (-9) 9.07 £0.29 (-10) 8.52 £ 0.29 (-10)
ku/kp 1.10 £ 0.06 1.00 = 0.04 1.16 = 0.06
i-PrBr 1.39 £ 0.04 (-9) 3.49£0.09 (-10) 1.07 £0.02 (-9)
i-PrBr-dg 1.16 £ 0.03 (-9) 3.34£0.03 (-10) 8.14 £ 041 (-10)
ku/kp 1.20 £ 0.05 1.04 £ 0.03 1.32 £ 0.07
1-BuBr 1.33 £ 0.01 (-9) 1.30 £ 0.05 (-10) 1.16 = 0.08 (-9)

iodides
Mel
Mel-d;
ku/kp

274 % 0.13 (-11)
3.14 £ 001 (-11)
0.87 + 0.04

7.83 £ 033 (-12)
6.71 £ 0.35 (-12)
1.17 £ 0.08

424 £0.17 (-12)
<2.20 (-12)

>1.9

272 £0.14 (-11)
3.40 £ 0.19 (-11)
0.80 + 0.06

1.66 £ 0.03 (-10)
1.98 = 0.02 (-10)
0.84 + 0.02

2.89 % 0.09 (-11)
378 £ 0.08 (-11)
0.76 = 0.03

4 Units are cm® molecule™ s*!. Errors are | standard deviation and reflect relative accuracy. Absolute errors, approximately £20%. ®Proton affinity of the nucleophile.

¢No reaction.

isotope effects undetectable. We have recently completed a
comprehensive survey of the rates of reaction of primary, sec-
ondary, and tertiary chlorides and bromides with a variety of
nucleophiles in the gas phase.!! From this study we were able
to identify nucleophiles that react relatively inefficiently, thereby
giving isotope effects an opportunity to manifest themselves. We
also came to the unexpected conclusion that, while sulfur and
oxygen anions of the same basicity react at essentially the same
rate by the Sy2 mechanism, oxygen anions are much more efficient
than sulfur anions in inducing E2 reactions. For example, as shown
in Table I, methyl chloride, which must undergo substitution,
reacts somewhat more rapidly with H,NS™ than with CF;CF,C-
H,0". In contrast, isopropy! and terz-buty! chloride fail to react
with H,NS~ but react readily with the alkoxide. We therefore
concluded that the latter reactions are eliminations.

These conclusions are confirmed by the isotope effects reported
in this paper. As Table I shows, methy! bromide and iodide show
either no isotope effect or an inverse secondary isotope effect with
nucleophiles of all types. For example, CD;Br reacts with Cl~
1.25 times more rapidly than does CH;Br. Thus the zero point
energy difference between hydrogen and deuterium is greater in
the transition state than it is in the ground state. These results
are consistent with those reported for Sy2 reactions in solution.!?
In contrast, ethyl, isopropyl, and tert-butyl chlorides and bromides
show appreciable to large isotope effects with appropriate nu-
cleophiles whose attacking atom is oxygen, but no isotope effect
with those nucleophiles with sulfur as the attacking atom. For
example, isopropyl chloride reacts 4.7 times more rapidly with
pentafluoropropoxide ion than does its hexadeuterio analogue, and
tert-butyl chloride reacts 3.3 times more rapidly than does tert-
buty! chloride-d;. We have not found a sulfur nucleophile that
reacts with either of these chlorides at a measurable rate.
However, a comparison among sulfur and oxygen anions can be
made using alkyl bromides as substrates. As predicted, sulfur
anions react with ethyl and isopropyl bromide with no isotope effect
or with a slight inverse isotope effect while oxygen anions react
with these same substrates with appreciable normal isotope effects.
The most reasonable explanation is that the former react by Sy2
and the latter mainly by E2 reactions.

The observation of such relatively large isotope effects in such
rapid processes serves to emphasize yet again how the unique

(11) DePuy, C. H.; Gronert, S.; Mullin, A.; Bierbaum, V. M. J. Am.
Chem. Soc. 1990, 112, 8650.

(12) (a) Axelsson, B. S.; Matsson, O.; Langstrom, B. J. Am. Chem. Soc.
1990, 112, 6661. (b) Westaway, K. C. In Isotopes in Organic Chemistry;
Buncel, E., Lee, C. C., Eds.; Elsevier: New York, 1987; Vol. 7, p 275.

energetics of gas-phase ion—-molecule interactions can give rise
simultaneously to fast yet selective reactions. The ability to
measure such subtle effects in the solvent-free environment of the
gas phase should allow more precise computational modeling and
perhaps give rise to a better understanding of the nature of isotope
effects, particularly those secondary ones associated with the Sy2
reaction,!?
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Structural determinations of bacterial photosynthetic reaction
centers®} have prompted many studies of photoinduced intra-
molecular electron transfer (ET) in models having linked por-
phyrins,** porphyrin—quinones (PQ)*¢ and other donor-acceptor
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