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Abstract: Endo- and exo-cycloisomerizations of 4-pentyn-1-ol have been studied computationally with
density functional theory, in conjunction with double-¢ and triple-¢ basis sets, both in the absence and in
the presence of tungsten carbonyl catalyst. In the absence of the catalyst, both endo- and exo-
cycloisomerizations have been calculated to have a very high activation barrier of ~50—55 kcal/mol and
cannot take place. With tungsten pentacarbonyl catalyst, endo-cycloisomerization becomes a complex
multiple-step reaction and proceeds with a rate-determining barrier of 26 kcal/mol at the C, — C; hydride
migration step to form a vinylidene intermediate. The primary role of the tungsten catalyst is to stabilize the
vinylidene intermediate, thus lowering the rate-determining barrier. The second important role of the tungsten
catalyst in endo-cycloisomerization is to assist the OH hydride migration to C, by making it a multistep
process with small activation barriers. The exo-cycloisomerization with the catalyst still has a high rate-
determining barrier of 47 kcal/mol. These findings clearly explain the experimentally observed endo-selectivity
in the cycloisomerization of 4-pentyn-1-ol derivatives and support the experimentally proposed mechanism.

1. Introduction Scheme 1
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efficient synthetic access to compounds of commercial and
academic importance. Tlendoselective cycloisomerization of
nucleophiles tethered to terminal alkynes is one of those such
important reaction type’sand the cycloisomerization of alkynyl
alcohols has been utilized in efficient syntheses of antiviral
nucleosideg,polycyclic ethers, and oligosaccharidés.

This novel cycloisomerization transformation has been pro-
posed to proceed via a formation of vinylidene intermediate
formed by a formal 1,2-shift of the alkyne hydrogen from C
to Cs.° In the metal-free state, the lifetime of vinylidene is
extremely shorf. However, the formation and stabilization of
vinylidene intermediate at a transition metal center have been
used as a general method for the generation of oxacyclic Fischer,
carbene productsjncluding five-, six-, and seven-membered

products® Chromium, molybdenum, and tungsten pentacarbo-
nyls have been developed as metal catalysts for cycloisomer-
ization of terminal alkynes that are tethered to alcohols, as well
as nitrogen, carbon, and sulfur nucleophfles.

Although molybdenum pentacarbonyl catalyst was initially
developed for alkynol cycloisomerization, this catalyst is largely
limited to the formation of five-membered ring produttdore
recently a tungsten pentacarbonyl-catalyzed procedure has been
developed for the effective cycloisomerization of alkynyl
alcohols to yield six-membered ring produéts-or instance,
endocycloisomerization of substituted 4-alkyn-1-ol is catalyzed
b W(CO) when the reactants are photolyzed at 350 nm at or
near the reflux point of THF in the presence of triethylam-
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Scheme 2. Mechanism of the Catalytic, endo-Selective Alkynol
Cycloisomerization Reaction, Proposed in Ref 11 and Modified in
This Paper
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endaregioselectivity provided that the reaction is conducted
under strictly anaerobic (oxygen-free) conditions.

The previously hypothesized mechanism of cycloisomeriza-
tion of terminal alkynyl alcohols involves an initial rearrange-
ment of ary? metal-alkyne complex to a vinylidene compléx.
Base-induced cyclization of the alcohol nucleophile might afford

Scheme 3
Ko)_<H pathway B (cj[ H
\ exo H

potential for W with a valence doublgbasis set. Harmonic vibration
frequencies were calculated analytically for each optimized transition
state (TS) structure to confirm that this is a true TS (the number of
imaginary frequency Nimag- 1). Intrinsic reaction coordinate (IRC)
or pseudo-IRC (optimization after a step on IRC) calculations were
performed for some of the TSs to confirm the reactants and the products
these TSs connect to. The improved were recalculated energies for all
the B3LYP/lanl2dz optimized geometries with the Stuttgart/Dresden
ECP + SDD basis set for W and the 6-31G** basis set for the other
atoms. Previously; it was demonstrated that the B3LYP method with
double{ quality basis sets, such as lanl2dz, for geometry optimization,
and triple¢ quality basis sets, such as SDD, for relative energy
calculations, provide reasonable agreement with available experimental
data and high level methods, while this tends to underestimate the
calculated barriers by a few kcal/mi§lin this paper we mostly discuss
the obtained chemical trends and relative energies, thus we believe that
the underestimation of the calculated barriers byp3cal/mol at the
B3LYP/SDD level will not affect our conclusions.

All calculations were carried out with the Gaussian 98 progtam.

OH
=

H pathway A

endo

3. Results and Discussion

A. Metal-Free Cycloisomerizations.enda-Cycloisomeriza-
tion of 4-Pentyn-1-ol. The optimized structures and energies
of the reactants, intermediates, TSs, and productenuofc
cycloisomerization of 4-pentyn-1-dl are shown in Figure 1.
We find that the key intermediate for this reaction is a cyclic
vinylidene intermediaté&4, where the G-C,, distance formed

the cyclic anionic vinyl tungsten intermediate, and its protona- by interaction of alkoxyl O with the vinylidene terminal carbon
tion leads to the endocyclic enol ether product (Scheme 2). In Ca is 1.88 A, indicating that the ©C, bond formation is not
the present paper, we present the results of computational studie¥et complete. This key intermediaté4 can be reached from
on the cycloisomerization of 4-pentyn-1-ol. The purposes of the reactant via two different pathways. In the first pathway,
our study are as follows: (1) to investigate the mechanisms of the hydride migration from the terminal carbon @ C; of
cycloisomerization in the absence and presence of tungsten@lkyne and the ©C, ring closure take place concertedly, in a

catalyst; (2) to investigate the geometrical features of the
transition structure, intermediates, and products of cycloisomer-
ization; (3) to analyze the role of the tungsten catalyst in

enhancing the reactivity of cycloisomerization; and (4) to

investigate the factors responsible for the regioselectivity of
endc versusexacycloisomerization.

2. Methods of Calculation

We used the parent 4-pentyn-1-ol as the substrate, initially studying
its cycloisomerization reaction without tungsten carbonyl catalyst. Two
different unimolecular cycloisomerization reactions of 4-pentyn-1-ol
were investigated (Scheme 3); pathway Aerdecycloisomerization
which leads to a six-membered ring product, and pathway B leads to
a five-membered ring product viexecycloisomerization. We subse-
guently studied the mechanism of cycloisomerization of 4-pentyn-1-ol
in the presence of tungsten catalyst.

All calculations were performed using the hybrid B3LYP density
functional method, which uses Becke’s 3-parameter nonlocal exchange
functional? mixed with the exact (Hartreg=ock) exchange functional
and Lee-Yang—Parr’'s nonlocal correlation function8.Geometries
of all the reactants, intermediate, and transition states were optimized
without any constraint with the analytical gradient using the Lanl2dz
basis set! which combines the HayWadt relativistic effective core

(12) Becke, A. D.J. Chem. Phys1993 98, 5648.
(13) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

4150 J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002

(14) (a) Dunning, T. H., Jr.; Hay, P. J. Iklodern Theoretical Chemistry

Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; pp28. (b) Hay, P.
J.; Wadt, W. RJ. Chem. Physl985 82, 270. (c) Wadt, W. R.; Hay, P. J.
J. Chem. Physl1985 82, 284. (d) Hay, P. J.; Wadt, W. R. Chem. Phys.

1985 82, 299.

(15) (a) Cui, Q.; Musaev, D. G.; Svensson, M.; Sieber, S.; Morokumal. K.
Am. Chem. Socl995 117, 12366. (b) Musaev, D. G.; Morokuma, K.
Phys. Chem1996 100, 6509. (c) Erikson, L. A.; Pettersson, L. G. M;
Siegbahn, P. E. M.; Wahlgren, U. Chem. Physl995 102, 872. (d) Ricca,

A.; Bauschlicher, C. W., Jd. Phys. Cheni994 98, 12899. (e) Heinemann,
C.; Hertwig, R. H.; Wesendrup, R.; Koch, W.; Schwarz,JHAm. Chem.
Soc.1995 117, 495. (f) Hertwig, R. H.; Hrusak, J.; Schroder, D.; Koch,
W.; Schwarz, H.Chem. Phys. Lett1995 236, 194. (g) Schroder, D.;
Hrusak, J.; Hertwig, R. H.; Koch, W.; Schwerdtfeger, P.; Schwarz, H.
Organometallics1995 14, 312. (h) Fiedler, A.; Schroder, D.; Shaik, S.;
Schwarz, HJ. Am. Chem. S0d.994 116, 10734. (i) Fan, L.; Ziegler, T.
J. Chem. Physl991], 95, 7401. (j) Berces, A.; Ziegler, T.; Fan, . Phys.
Chem.1994 98, 1584. (k) Lyne, P. D.; Mingos, D. M. P.; Ziegler, T.;
Downs, A. J.Inorg. Chem.1993 32, 4785. (I) Li, J.; Schreckenbach, G.;
Ziegler, T.J. Am. Chem. S0d.995 117, 486.

(16) (a) Lynch, B. J.; Fast, P. L.; Harris, M.; Truhlar, D. &.Phys. Chem. A
200Q 104, 4811. (b) Bach, R. D.; Glukhovtsev, M. N.; CanepaJCAm.
Chem. Soc1998 120, 775.

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.



endo-Selective Cycloisomerization of 4-Pentyn-1-ol ARTICLES

Endo-cycloisomerization;
concerted mechanism
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stepwise mechanism
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Figure 1. The optimized stationary state structures (in A and deg) and relative energies (relativeftmetal-freeendo and exocycloisomerization
pathways of 4-pentyn-1-ols. For comparison, the hydride migration in acetylene is also illustrated.

single step, via the transition state (TS)'. The activation A comparison of the calculated energetics for the hydride
barrier corresponding to this process is found to be 55.2 kcal/ migration process in 4-pentyn-1-ol, and the acetylerig
mol. It is important to note that in this path the hydride moves molecule,2 (see Figure 1), shows that the rate-determining
from C, to Cs on the side opposite to the alkoxyl group. The barrier for hydride migration fod is lower by 5.5 kcal/mol
second, stepwise pathway starts with the hydride migration from than that for acetylen2 — 3, 58.0 kcal/mol. This result could
Ca to Cg; this time the hydride ligand moves on the same side be rationalized in terms of the hydrogen-bonding interaction
with the alkoxyl group. The TSN1, corresponding to this  with the hydroxyl group in 4-pentyn-1-ol.

process has a short @HC, distance (2.35 A), indicating weak From the cyclic vinylidene intermediat®&l4, the endo
hydrogen bonding with the alkoxyl group. The frequency Cycloisomerization of 4-pentyn-1-ol proceeds with the hydride
calculation confirms the nature of this transition state; we found migration from the hydroxyl to the terminal vinylidene carbon
one imaginary frequency of 87tm ! corresponding to the ~ accompanied with the completion of ring closure er@ bond
hydride migration. In addition, an IRC calculation shows that formation. This process occurs through theN'sand leads to
N1 connects the reactabwith the open vinylidene intermediate ~ the six-membere@ndo productN6. At TS N5, the hydride
N2. In N2, the weak G-HC hydrogen bond is retained with  ligand is located nearly at the equal distance fropa@d O,

the O-+H distance of 2.28 A. The energetic barrier associated the two atoms between which migration is taking place, and
with TS N1 is 52.5 kcal/mol. The process— N1 — N2 is the O--C, distance is stretched from 1.88 A k¥ to 2.01 A

found to be endothermic by 46.4 kcal/mol. in N5. The activation barrier for this process is calculated to be
9.7 kcal/mol. The normal coordinate analysis shows Mats
a real TS with one imaginary frequency, 11@9n1, corre-
sponding to hydride migration and,€0 bond formation. IRC
calculation confirmed that T8I5 connectsN4 with N6. The
productN6, where C-O bond formation and hydride migration
from O to C is completed, is much lower in energy (75.4 kcal/
mol) than reactantN4. The entire reaction of theendoe
cycloisomerization of 4-pentyn-1-ol, proceeding frarto N6,
is found to be exothermic by 32.4 kcal/mol.
exo-Cycloisomerization of 4-Pentyn-1-ol. Now, let us
discuss theexcecycloisomerization of 4-pentyn-1-ol leading to
the five-membered ring molecuk2. This process is found to

The next step of the reaction is the ring closure-(O, bond
formation), which occurs simultaneously with the rotation of
the G(H)C,, group around the £-Cg bond. In the TSN3 for
this process, the O and,&toms start to interact to close the
ring with the O+-C, distance of 3.21 A. The normal coordinate
analysis confirms thal3 is a real TS with one imaginary
frequency of 50cm~L IRC calculations indicate that TS3
connects intermediafd2 with the key intermediat&l4, which
was discussed above. The barrier at NS is only 2.9 kcal/
mol relative toN2. The proces®l2 — N3 — N4 is exothermic
by 3.4 kcal/mol. Overall, the rate-determining barrier of the
stepwise pathway at TN1 is found to be slightly (2.7 kcal/
mol) lower than that for the concerted pathway at N'8. (18) Jursic, B. SJ. Mol. Struct.1999 488 87.

J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002 4151



ARTICLES Sheng et al.

e . Dissociative mechanism
Associative mechanism

-CO
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Figure 2. The optimized stationary state structures (in A and deg) and relative energies of Y&LON(CO) (6), and W(CO) (7), and their adduct
complexes with 4-pentyn-1-ol.

be a single-step reaction proceeding via a concerted T,%s these reactions, still remains unclear. Herein we elucidate the
seen in Figure 1. [X1, the hydride ligand that should migrate mechanism of cycloisomerization reaction of 4-pentyn-1-ol
from the hydroxyl to the terminal carbon is still closer to the catalyzed by tungsten carboriylin our studies, we will explore
hydroxyl O; the O-H and G—H distances are 1.17 and 1.57 the mechanism proposed by McDonald and co-workkrs.
A, respectively. Meanwhile, the terminaHC bond is stretched ~ According to this mechanism, the initial step of the reaction is
from 1.22 A in the reactant to 1.31 A inX1. The hydroxyl dissociation of a CO-ligand from the tungsten hexacarbonyl to
oxygen and ¢ atoms approach each other with an-Cy produce catalytically active tungsten pentacarbonyl. In the
distance of 1.76 A. Note that the change of the angteQg— following steps, the alkyne coordinates to the W center, and
Cs from 180 in 1 to 131.4 in X1 indicates a significant change  the hydride migration gives a tungsten-vinylidene intermediate,
in hybridization of the G atom, from sp to sh similar to that which undergoes regioselective nucleophilic addition to the
in the exo product X2, and suggests a rather asynchronous terminal carbon, and produces a vinyl tungsten intermediate
character of this concerted TS. The normal coordinate analysis(Scheme 2). We begin our discussions from the initial steps of
shows thaiX1 is a real TS with only one imaginary frequency the reaction: CO dissociation from W(COxrnd alkyne
of 577 cm~1, with the reaction coordinate consisting of several coordination to the coordinatively unsaturated tungsten complex.
geometrical parameters corresponding to hydride migration from  Generation of Active Catalyst by CO Elimination. The
O to G, and O-Cg bond formation. IRC calculations confirm  structures associated with the initial steps of the propdsed
that this TS connectswith X2. The activation barrier &1 is mechanism of the W(C@)5)-catalyzed 4-pentyn-1-ol cyclo-
calculated to be 52.0 kcal/mol, very much comparable to that isomerization reaction are shown in Figure 2. As was mentioned
for the endocycloisomerization process discussed above. The in the Introduction, thendoecycloisomerization of substituted
entire process aéxocycloisomerization of 4-pentyn-1-dl,— 4-pentyn-1-ol was initiated experimentally by photolysis of the
X1 — X2, is calculated to be 33.0 kcal/mol exothermic. The reactants at 350 nm. We believe that when the stable W{CO)
stability of theexacycloisomerization producf2 is very similar 5 is photolyzed, the catalytically active complex W(G®)is
to that of theendacycloisomerization produd\l6. formed. Our calculations show that the dissociation of one
Thus, in the absence of catalyst, the activation barriers for carbonyl ligand from W(CQ)is endothermic by 44.2 kcal/mol.
bothende andexocycloisomerization of 4-pentyn-1-ol are very  Further photolytic (or thermal) elimination of CO from W(GD)
large, greater than 50 kcal/mol. Therefore, one may conclude would give W(CO), which can also be an active catalyst that
that neitherende nor exocycloisomerization reactions of  will initiate what could be called a dissociative mechanism.
4-pentyn-1-ol can take place under mild conditions in the However, our calculations in Figure 2 show that the dissociation

absence of catalyst. of the second CO is highly endothermic (77.2 kcal/mol), and
B. Metal-Catalyzed CycloisomerizationsIn the preceding the resultant coordinatively highly unsaturated W(¢@)is
subsection we have demonstrated that neidrete nor exo unlikely to be stable under the experimental conditibns a

cycloisomerization reaction of 4-pentyn-1-ol can occur without solvent such as THF, this species will surely be solvated and
catalyst. However, various transition metal complexes can stabilized with THF in the first coordination sphere. Considering
effectively catalyze the cycloisomerization of alkynyl alcohol a substantially higher second CO dissociation energy, and a
substrated*1011 The detailed mechanism of these catalytic higher relative energy of the alkyne add¢N2 as compared
processes, as well as the factors affecting the mechanism ofto the adductWN1, formed upon alkyne coordination to

4152 J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002
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-24.3
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WN6
-19.9 kcal/mol 22.7 kcal/mol
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WN13
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-19.9 kcal/mol
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Figure 3. The optimized stationary point structures (in A and deg) and relative energies (relative to $CD)on the reaction pathways @ndo
cycloisomerization of 4-pentyn-1-ol in the presence of the Wg3@jalyst.

W(CQO), and W(CO3, respectively, one may safely conclude results in formation ofr-alkyne-W(CO3 adduct WN1, as
that the dissociative mechanism is not likely to contribute to discussed above and shown in Figure 2WN1, the hydroxyl

the overall rate. Therefore, only the associative mechanism group of the 4-pentyn-1-ol ligand forms a weak hydrogen bond

initiated by W(CO3 will be discussed. with one of the carbonyl oxygen atom with @GHOC = 2.55
endoCycloisomerization of 4-Pentyn-1-ol Catalyzed by A. The adduct formation proceds+ 6 — WNL1 is calculated
W(CO)s Complex. Thus, the catalytic reaction is initiated by to be 24.3 kcal/mol exothermic.

pentacarbonyl tungstef. The optimized structures for the For comparison, we also have studied the adduct formation

reactants, intermediates, transition states, and produetsdof between acetylene and W(G{galculated structures are shown

cycloisomerization of 4-pentyn-1-ol in the presence of tungsten in Figure S1 of the Supporting Information). Comparison of

pentacarbonyl catalyst are shown in Figure 3. The coordination the acetylene-W(CQ@)complex8 and WN1 shows that in8
of 4-pentyn-1-ol substrateto pentacarbonyl tungstéhnitially the G=C triple bond is symmetrically coordinated to the W

J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002 4153
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center with the two equal WC distances of 2.43 A, while in
WN1 the two W-C (C=C) distances are different, 2.47 and
2.62 A. Also, the G—Cs—W—Cco dihedral angle inWNL1 is
13.7, which is zero in8. These geometrical differences are
results of the electronic and steric effects from the substituents,
(CHy)3OH in 4-pentyn-1-ol versus H in acetylene.

From the 4-pentyn-1-ol W(C@)m-complex WN1, the
calculation shows that the reaction proceeds via hydride
migration from G, to Cg, leading to the tungsten alkylidene
complexWN4. The TSWN3 for this process, given in Figure
3, has one imaginary frequency (64m1) corresponding to
the motion of H from G to Cg. In addition, the pseudo IRC
calculation indicates thatyN3 connects ther-complexWN1
with the alkylidene compleXVN4. As seen in Figure 3, upon
going fromWN1 to TSWN3, migration of H from G to Cg is
in progress, while the WCg bond is broken, and the WC,
bond becomes stronger. The-W&Z, bond distance is calculated
to be 2.47 and 2.18 A iWWN1 and WN3, respectively. The
geometrical parameters of the 4-pentyn-1-ol fragment in TS
WN3 are similar to those in TSI1 for the isomerization of
4-pentyn-1-ol without catalyst (see Figure 1), except for the
Cy—H and G—H bond distances; the,&H bond distance is
1.23 A in WN3, which is 0.07 A shorter than 1.30 A N1,
while the G—H bond distance of 1.45 A iWN3 is longer
than 1.34 A inN1. These geometrical differences indicate that
the hydride migration of T8VN3 in the presence of catalyst is
earlier than that oN1 without catalyst.

The early nature of the TB/N3 as compared wittN1 is in
part dictated by the energetics of the reactioWéN1 — WN3
— WN4 and N1 — N3 — N4. The reaction with catalyst is
calculated to be only slightly (4.4 kcal/mol) endothermic, while
it was highly (46.4 kcal/mol) endothermic in the absence of
catalyst. This is rationalized by formation of the tungsten-
vinylidene complex during the reaction in the presence of
catalyst. As seen in Figure 3, the¥C, bond length in the
vinylidene compleXWN4 is 2.04 A, which lies in the range of
a typical metat-carbon double bond distané®The G,—Cs
distance changes from 1.25 A WN1 to 1.32 A in WN4,
indicating the cleavage of onebond of a G=C triple bond of
WN1 and formation of a €&C double bond in th&VN4. In
other words\WN4 is a tungsten-vinylidene complex. ThaV—
Cy«—Cg bond angle is calculated to be 174i8 WN4, while it
was found to be linear in its acetylene analodOd€Figure S1,
Supporting Information). The*@eduction ofdW—C,—Cgs upon
going from 10 to WN4 is believed to be a result of weak
interaction between Land O.

The activation barrier for hydride migration in 4-pentyn-1-
ol in the presence of tungsten catalyst is found to be 26.4 kcal/
mol, which is about 25 kcal/mol lower than without catalyst.
Thus, the tungsten catalyst reduces the rate-determining hydrid
migration barrier by a large amount, making this reaction
feasible under mild conditions. This reduction of the barrier is
rationalized by the reduced endothermicity of the hydride
migration reaction, which is the result of stabilization of the
vinylidene intermediate by tungstecarbon double bond
formation.

the case for the reaction without catalyst, this difference in the
hydride migration barriers between acetylene and 4-pentyn-1-
ol could be explained by the existence of a weak hydrogen bond
(2.41 A) between the €H and the hydroxyl oxygen ilVN3.

Overall, one may conclude that in the existence of the
W(CO)s catalyst the hydride migration barrier in 4-pentyn-1-ol
is dramatically reduced, and the reaction becomes significantly
less endothermic, mostly because of formation of a tungsten-
vinylidene (W=C bond) complex. This theoretical finding
agrees with the previous hypothesis that cycloisomerization
proceeds via formation of a tungsten-vinylidene intermedfate.

The next step of reaction from the tungsten-vinylidene
intermediateWN4 is expected to be the formation of,€0
bond, that is, the ring closure. The calculation shows that this
process proceeds over the M8N5 and leads to the six-
membered ring intermedia®N6. The calculated geometry of
TS WNS5 is similar to that of the reactant intermediadéN4.

The major difference is reduction of the-@, distance from
3.19 A inWN4 to 2.17 A inWNS5, which is accompanied by
elongation of the W-C, bond distance from 2.04 to 2.12 A
and an increase in theW—C,—Cg angle from 174.0to 156.3.
The normal coordinate analysis and IRC calculation show that
TS WN5 has only one imaginary frequency {84m1),
consisting of the 0O bond formation motion, and connects
WN4 with WN6. At the product of this step/VN6, the O-C,,
distance is as short as 1.67 A; the-O, bond formation is
nearly completed. The energetic barrier at thisWN5, relative

to WN4, is small, 1.3 kcal/mol. The ring-closure proceds\4

— WN5 — WNBS, is found to be nearly thermoneutral.

Comparison of the catalyst-free and tungsten-catalyzed ring-
closure processell2 — N3 — N4 andWN4 — WN5 — WNB6,
shows that the latter is slightly more favorable than the former;
tungsten catalyst slightly reduces the barrier (from 2.9 to 1.3
kcal/mol) and stabilizes (by 3.5 kcal/mol) the product. However,
catalyst-free and tungsten-catalyzed processes have a significant
intrinsic difference. The catalyst-free ring-closure process
involves the formation of the £&-O bond using the vacant
carbons-orbital of the G center and the p-lone pair of the O
center. However, the tungsten-catalyzed ring-closure process
involves ther*-component of the W=C,, double bond of¥N4
and the p-lone pair of the O center to form thg<®. In other
words, during the tungsten-catalyzed ring-closure process the
m-component of the \WC,, double bond should be broken to
form the G,—O bond. This could be seen in the calculated
W-C,, bond distances; upon going froMvN4 to WN5 and
WN6 the W—C,, bond distance elongates from 2.04 to 2.12
and 2.21 A, respectively.

The next step of reaction from the ring-closure prodd®t6
is migration of the hydride from the O center tq © form the

efinal product WN14. We have found that this process may

proceed via two different pathways: concerted and stepwise.
The concerted proces®/N6 — WN7 — WN14, proceeds

via the TSWN7, where simultaneously with the hydride transfer

from O to G,, then-n? rearrangement of the,&CsH fragment

takes place from being bonded to the W center with(#2) in

For comparison, the same barrier in the presence of catalyst'/N® 0 its coordination to the W center by,@nd G; (°) in

for HC=CH (8to 9 in Figure S1) is calculated to be 31.0 kcal/
mol, 4.6 kcal/mol higher than that for 4-pentyn-1-ol. As was

(19) Frenking, G.; Fiblich, N. Chem. Re. 200Q 100, 717.
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WN14. The normal-mode analysis shows tNEN7 is a real
TS with one imaginary frequency of 1148m1, and IRC
calculation confirmed tha??VN7 connectsWN6 with WN14.
As seen in Figures 1 and 3, the geometry of the 4-pentyn-1-ol
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fragment in TSWN7 resembles that in its catalyzed-free
analogueN5. The 0.02-0.05 A differences in the ©H, C,—
H, and G—Cs bond distances could be rationalized by the
involvement of the =Cj fragment to ther-bonding with the
W center inWN7. This could also be the reason for a high
activation barrier, 42.6 kcal/mol, for the tungsten-catalyzed

comparison of the geometries &YN11 and WN12 could
explain the reason the barrier between them should be small.
BothWN11 andWN12 are pentagonal bipyramidal complexes.
In both WN11 and WN12, two carbonyl ligands occupy the
axial positions, while the hydride, the six-membered ring, and
three carbonyl ligands occupy the five equatorial positions, with

process; for the catalyst-free process this barrier was only 9.7the bond angles ¢fIH-W—-C, = 75.C°, OH—W—C¢co = 41.C,

kcal/mol.
However, the second stepwise pathway from the SAMG

O0Cco—W—-Cco = 80.T° and 80.4, and Go—W-C, =84.9
in WN11, and 63.9, 60.9, 82.8 and 82.7, and 69.8 in WN12.

proceeds almost without activation barrier and leads to another WN11 andWN12 differ from each other mainly in the rotation

six-membered ring intermedial®N9. A barrier of only 0.3
kcal/mol exists at TSWN8, separatingWWN6 and WNO.
Comparison ofWVN6 andWN9 shows that they are rotational
isomers. INWNG6 the six-membered ring is staggered with the
CO ligands; the dihedral angledHO—Cy,—W—Cco and[JHO—
Co—W—C'co are 41.0 and—50.€, respectively. However, in
WN9 the six-membered ring is eclipsed with the CO ligands
with these dihedral angles of8.5° and —97.3, respectively.
Therefore, TSNN8, connecting these two isomers, is expected
to be a TS for rotational isomerization around the-@} bond.
The normal coordinate analysis and IRC calculation confirmed
that TSWNS8 is a TS with a small imaginary frequency {29
cm™1), corresponding to the rotation of the six-membered ring
around the W-C, bond, and connectd/N6 and WN9. This
rotation facilitates the interaction of the hydroxyl hydrogen atom
with the carbonyl ligand (the O+CO distance is found to be
2.40 A in WN9, while it was 2.50 A inWN6), which moves
the hydride closer to the tungsten center; the Mvand H-Cco
distances are 2.97 and 2.51 AWNG, and 2.95 and 2.40 A in
WN9, respectively.

In the next step fronWN9, a surprising hydride migration
from the O center to the W center (and carbonyl ligand) takes
place via the TSWN10 and leads to the formation of a
W-formyl complex,WN11. This TS is confirmed to have one
imaginary frequency (728&cm™1) and connect®VN9 with a
product WN11. The closer inspection of the geometrical
parameters of/VN10 indicates that it is a tungsten-mediated
hydride migration TS from the O center to carbonyl ligand. In
WN10 the O-H bond is very much stretched (1.50 A) as
compared to 0.98 A iWN9. Meanwhile, the H-C(carbonyl)
and the W-H bond have started to form at 1.44 and 1.99 A,

of six-membered ring. 'WWN11, the O-C,—W—H dihedral
angle is close to zero, while WN12, it is almost 90. In other
words, the rotation of the six-membered ring facilitates the
cleavage of the HC(carbonyl) bond, and gives the-"* bond

in WN12. WN12 is more stable by 7.2 kcal/mol thaivN11.

In theWN6 — WN9 rearrangement, we have shown above that
the rotation around the WC, o-bond takes place with a 0.3
kcal/mol barrier. Therefore, it is not surprising that we could
not locate a similar rotational TS separatiN11 andWN12.

The next step of the reaction is formation of the final product
complex WN14. This could be achieved fronWN12 by
migration of the hydride ligand from W to the,&enter. The
activation barrier for this step is extremely low, 0.1 kcal/mol,
at the TSWNL13 (see Figure 3). The geometry of this TS is
very similar to that oWN12; the major change occurs in the
OH—W—-C, angle, which is reduced from 63.9h WN12 to
58.1° in WN13. This is a very early TS. The normal-mode
analysis and IRC calculation confirmed one imaginary frequency
(161 cm™1) that connectsWN12 and WN14. The process
WN12 — WN13 — WN14 is found to be highly exothermic
(44.0 kcal/mol), which also is consistent with the early character
of TS WN13. WN14 is the m-complex of theendecyclo-
isomerization product with W(C@)where the @=Cs double
bond is coordinated to the W center asymmetrically:-@y,
and W-Cg bond distances are 2.75 and 2.61 A, respectively.
This could be explained with an asymmetric nature of the ligand
environment for ¢ and G. The dissociation of theendo
cycloisomerized product fronWN14 regenerates the active
catalyst W(COy. The calculated dissociation energy of the
product fromWN14 is calculated to be 21.8 kcal/mol without
including entropy and solvent effects; the entropy effect is

respectively. As expected, this hydrogen migration strengthens€xpected to reduce this by ca. 10 kcal/mol.

the O-C, bond; the O-C, distance is reduced from 1.66 A in
WN9 to 1.49 A in TSWN10. Other geometrical parameters

exo-Cycloisomerization of 4-Pentyn-1-ol Catalyzed by
W(CO)s Complex. The mechanism of thexccycloisomer-

do not change significantly. These trends in the change of ization of 4-pentyn-1-ol catalyzed by W(C§jomplex is found

geometrical parameters, 1, H—C(carbonyl), W-H, and
O—C, bond distances, continue upon going to the product
WN11, where the G-H bond is completely broken, the
H—C(carbonyl) and the WH bond are already formed at 1.36
and 1.85 A, respectively, and the-@, bond distance is further
reduced to 1.43 A. The activation barrieNaiN10 is calculated
20.3 kcal/mol relative t&VN9. This is the second highest barrier
in the entire mechanism of tledecycloisomerization reaction.
Overall the procesg/N9 — WN11 is found to be endothermic
by 16.5 kcal/mol.

The intermediateWN11 is relatively unstable and easily
rearranges to the tungsten-hydride compéd12. Our attempts
to locate the TS connecting/N11 and WN12 failed and led
to eitherWN11 or WN12. Therefore, we conclude ths#¢N11
rearranges t9WN12 with a very small activation barrier. Closer

to be simple, a single-step reaction. The calculated geometries
and energetics of the intermediates and transition states of this
process were given in Figure 4.

As in theendacycloisomerization, thexacycloisomerization
starts with ther-complexWN1, proceeds via the concerted TS
WX1, and leads to the product compl&g¥X2. We could not
find such a multistep mechanism as was found émdo
cycloisomerization. InWX1, the hydride migration from the
hydroxyl to the terminal carbonJCthe formation of the ©Cg
bond, and the cleavage of the,€Cs m-bond all occur
simultaneously. As see in Figure 4, in V8X1, the hydride
ligand, which should migrate, is still closer to the hydroxyl O;
the O—H and G—H distances are 1.16 and 1.57 A, respectively.
In the meantime, the hydroxyl oxygen ang; @oms have
approached each other with a-@; distance of 1.77 A. The
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WN1

-24.3 kcal/mol

WwWX1 WwX2
222kcal/mol v =577icm’! -59 9kcal/mol

Figure 4. The optimized stationary point structures (in A and deg) and relative energies (relative to YWC@) on the reaction pathway of
exocycloisomerization of 4-pentyn-1-ol in the presence of the Wg3@jalyst.
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40 ' :
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0 Xreactants
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60l-p-complex  H-transfer " 0-Ca rotation H-transfer rotation H-transfer

formation  from Ca to Cb ring closure around W-Ca _ _ fromOto W around W-Ca __ from W toCa

WN3 WNI10 WN13

Figure 5. The overall energy potential profiles of cycloisomerization reactions of 4-pentyn-1-<aindb)CycI0|somer|zat|on with W(CQ) bold solid line

with labelsWN1—-WN13. The natures of individual steps and the structures of intermediates and TSs are illustrated at the bottom of the faxwe. (2)
Cycloisomerization with W(CQ) bold broken line with label®WX1—-WX2. (3) endeCycloisomerization without W(C@) thin solid line with labels
N1—N6. The natures of individual steps are illustrated at the top of the figureex@Cycloisomerization without W(C@) thin broken line with labels
X1-X2.

Co—Cg bond is elongated by 0.12 A, from 1.25 AWNL1 to 4. Conclusions
1.37 AinWX1. These geometrical parameters of WX 1 are
very similar to those of its catalyst-free analogxig, except

for the G,—C;s bond elongation that was only 0.09 Ax1. A
larger elongation of the &-Csz bond inWNL1 could be a result

of its interaction with the W center. The normal coordinate
analysis and pseudo-IRC calculation confirmed that this TS has

In the present paper, we have computationally studied and
compared the reaction mechanisms of catalyst-free and tungsten-
catalyzedende and exacycloisomerization of 4-pentyn-1-ol
using B3LYP method with the basis sets of lanl2dz and SDD,
for optimization geometries and energetics, respectively. The
) . o . . . calculated potential energy profiles of all these processes are
one imaginary frequency of 57em =, which consists mainly g, marized in Figure 5. From these results and discussions we
of O — Cq hydride migration, ©-C; approach, and £-Cg draw the following conclusions: (1) In the absence of the
stretch, and that it connect¥ N1 with WX2. The activation catalyst, bottende and exocycloisomerizations of 4-pentyn-
barrier atWX1 is calculated to be 46.5 kcal/mol, very much  1_q| have very high activation barriers of 565 kcal/mol and
comparable to 52.0 kcal/mol for the catalyst-free process. In g unlikely to be feasible. The catalyst-freedocycloisomer-
other words, the tungsten-catalyst has very little effect on the jzation process is a multistep reaction, the first step of which is
activation barrier ofexacycloisomerization of 4-pentyn-1-ol.  hydride migration from the terminal carbon, @ Cs to form a
However, the tungsten-catalyst significantly increases the exo-vinylidene intermediate, followed by ring-closure, and migration
thermicity of theexocycloisomerization process from 33.0 kcal/  of hydride ligand from the hydroxyl ligand to,CThe first step
mol for catalyst-free to 59.9 kcal/mol for the catalyzed process. of the reaction is found to be rate-determining. Meanwhile, the
The increase of 25.5 kcal/mol is due to complexation of the catalyst-freeexecycloisomerization is a single-step reaction and
exacycloisomerized product with W(C@Q) occurs via a concerted transition state.
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(2) The pentacarbonyl tungsten catalyst does not significantly endacycloisomerization reactions, respectively, which clearly
change either the mechanism or the energeticexafcyclo- is the origin of theendoregioselectivity of the cycloisomeri-
isomerization reaction of 4-pentyn-1-ol. The reaction is a single- zation of the 4-pentyn-1-ol substrates reported experimentally.
step reaction and proceeds via a large (47 kcal/mol) rate- These calculated results support the experimentally proposed

determining barrier, which makes this process unfeasible. mechanisnil

(3) The presence of the tungsten catalyst makesetius (5) In the present study, we have not considered the effects
cycloisomerization of 4-pentyn-1-ol much more complex but of tertiary amine on the reaction mechanisms. Tertiary amines
energetically much more accessible. Er&cecycloisomeriza- are always utilized in the experimental catalytic reaction.

tion consists of many steps and proceeds with a rate-determiningConsidering the fact that the calculated rate-determining barrier
barrier of 26.4 kcal/mol, which is considerably lower than that for endaecycloisomerization of 4-pentyn-1-ol in the presence
for the catalyst-free process, and is feasible under mild of W(CO}s is still substantial (26.4 kcal/mol), one may suspect
experimental conditions. The first step of this reaction is that amine is participating in the rate-determining step and
coordination of substrate, 4-pentyn-1-ol, to the W center to form further lowering the reaction barrier. We plan to study this
amr-complexXWNL1. The next step is the rate-determining step problem soon.
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