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Abstract: The stereochemistry and secondary isoto
trans- (7), cis,cis- (8), and cis,trans2,4-hexadieng9),

pe effects of the B photocycloaddition otrans,
2,5-dimethyl-2,4-hexadienel), and its deuterated

analogued-d;, 1-ds, andtrans-1-d; to Cso have been investigated. A loss of stereochemistry in the cyclobutane
ring for photocycloaddition of all three 2,4-hexadiene isomér8, and9 to Csp was observed (th&ans

stereochemistry in the cyclobutane ring predominate

s in all cases), while the unreactive double bond retained

its stereochemical integrity in the adducts. Tedouble bond 0B is 1.5 times more reactive than ttrans.

The [2+ 2] photocycloaddition ofE)-2,4-dimethyl-2,4-

diastereomeric adductsQaand10b, by addition on the

hexadien@0) to Cqo is regiospecific, affording two
methyl monosubstituted terminal double bond. These

results, when taken in conjunction with the small inverse intramolecular secondary isotope lefflect
0.90 £ 0.05) in the [2+ 2] photocycloaddition ofl-ds to Ceo, favor the formation of an open biradical

intermediate in the rate-determining step.

Introduction

The discovery of g2 (buckminsterfullerene) and its isola-
tion in large quantitiestriggered the investigation of a remark-
able array of its reactions in the last seven years. Buckmin-
sterfullerene is electrophilit;® reacts with alkenes and dienes,
and affords [4+ 2],78[2 + 2],° 12 and en&® adducts. Most of
the work has focused on adduct isolation and characterization,
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with less emphasis given to reaction mechanisms. The ene, as
well as the [2+ 2] additions to Gy and Gy, are less common.
Foote and co-workers have reported{22] photocycload-
ditions of Gso with electron-rich alkynes (ynamines), such as
N,N-diethylpropynylamin&-PandN,N-diethyl-4-methylpenten-
3-yn-1-aminé® They proposed the formation of the triplet
excited state of g as the first step in the reaction sequence
(eq 1). Previous results had demonstrated that the triplet
excited state of g has a reduction potential close to 0.98 V
(36 kcal/mol triplet E) vs SCE and is formed with a quantum
yield of about unity. The second step of the reaction includes
the addition of ynamines to the triplet excited state g Ga
electron (or at least charge) transfer from the electron-rich
ynamines, followed by rapid collapse of the initial ion pair or
charge-transfer complex to the {2 2] cycloadducts (eq 2). In
hv .
Ceo — Cgo(T) (1
Ceo (T) + Ynamine —» Coo-Ynamine —> [2+2] Adduct (2)
~r

contrast, with extremely electron rich substrates, such as
ynediamines (e.gN,N,N',N'-tetraethylethynediamine), thioyn-
amines (e.g.N,N-diethyl-2-ethylthioethyneaminé¥, and tet-
raalkoxyethylenes (e.g., tetraethoxyethyletféhermal [2+ 2]
cycloadditions to g have been reported. It was suggested that
these reactions with electron-rich alkynes and alkenes proceed
through a charge-transfer mechanism in the absence of light,
because of the high electron affinity og&and the high electron-
donating ability of these molecules. The thermal 42 2]
cycloaddition of benzyne to dg has also been reporté®.
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Scheme 1. Self-Sensitized Photooxygenation &f

Photolysis of the isolated cycloadduzgave complete cyclo-
reversion to G and diene in 3 min, consistent with an
equilibrium between g and2. The Keq calculated from the
recovered G is approximately 7.7 1072, Similar [2 + 2]
reversible photocyclizations were recently reported by Féote.
Along with the major cycloaddu@, a small amount~{3%) of

a side product was detected by HPLC. This byproduct, probably

a bisadduct, had a shorter retention time than ad@lacid was
J J LJ = not further characterized. The add@ctvhich is stable at room
5 temperature, was purified by flash column chromatography
AT O T ey T T (toluene:hexane 2:1) and characterized by mass spectrometry,
pem 5.5 580 20 1.9 by H NMR spectroscopy (Figure 1), and by its reaction with
Figure 1. [2 + 2] photocycloaddition of DMHD to . 10,. FAB-MS of 2 gave the expected M 1 ion at 831, which

) corresponds to the molecular formulag8i4. The 'H NMR

Schuster and Wilson and co-workers recently reported a newgpectrum of2 shows two signals due to the diastereotopic
photochemical [2+ 2] cycloaddition of cyclic enoné& ¢ and methyls (Me, Me,) at 1.88 and 1.89 ppm with the proper allylic
cyclic 1,3-dione¥' to Ceo. Since this type of photocycload-  ¢coupling, J; = 1.3 Hz andJ, = 1.2 Hz, respectively; two
dition cannot be achieved by irradiation at 532 nm, whege C  downfield absorptions at 1.94 and 2.07 ppm (lower fields due
is the only light-absorbing component, this result indicates that 1 the influence of the & currents) which correspond to the
fullerene triplets do not undergo addition to the grour_1d state of diastereotopic methyls on the cyclobutane ring {Méey); a
enones. The authors proposed that the photochemicalZP  goublet at 4.70 ppm which corresponds to the cyclobutane ring
cycloadditions of enones togg-proceed by stepwise addition  hydrogen (H); and a doublet with allylic coupling at 6.20 ppm
of enone triplet excited states to the fullerene via a triplet 1,4- for the vinylic hydrogen (i) (Figure 1). The UV-vis
biradical intermediate. The proposed mechanism was consistengpsorption spectrum & in toluene shows a strong absorption
with the observation that alkenes, such as cyclopentene orat 437 nm, accompanied by a weak absorption at 709 nm. These

cyclohexene, do not photochemically add @.C absorptions are characteridtiof the dihydrofullerene structure,
Recently, we reported a new type of{22] functionalization thus indicating that the cycloaddition took place at the junction
of Cgo with moderately electron-ricp-methoxyarylalkene¥ of two six-membered rings.

The stereochemistry and the secondary isotope effects of the
reaction withp-methoxystyren&?showed that the photochemi- 5 5 5150 an efficient photosensitizer and produces singlet oxygen

cal [2 + 2] cycloaddition occurs by a two-step mechanism, 4 jrradiation of its oxygenated solutions. Because adaluct
involving the formation of a dipolar or diradical intermediate pa5rs an oxidizable group (alkene moiety), it undegoes facile
in the rate-determining step. The stepwise mechanism was alsQyqjt_sensitized photooxygenation and produces, after tri-
supported by results of the [2 2] photochemical reaction of  56nvinhosphine reduction, a mixture of the threoferythro allylic
Ceo With cisltrans-4-propenylanisolé® In this case, the  gjc4hois3a and 3b as the only products, in a 55/45 ratio
thermodynamically most stabteans cycloadduct was formed, (Scheme 1). The two stereoisomers were separated by flash

regardless of the geometrgig or trans) of the propenylanisole. ¢, 1ymn chromatography using a mixture of toluene:hexane (2:
_ In this paper, we report the stereochemistry an(_i the secondaryl) as eluent. The stereochemistry of add@ztand3b (which
Isotope (_e_ffects of a new type of phot_ochem|cal Jr2_2] is erythro and which is threo) was not assigned. Similar self-
cycloaddition of Go with the less electron-rich alkyl-substituted  ¢qnsitized photooxygenated products ef &ducts have been
1,3-butadienes. recently reported17

The intramolecular secondary product isotope effects of the
[2 + 2] photocycloadditions of g with the 2-methyl1’,1',1'-

Addition of 2,5-Dimethyl-2,4-hexadiene and Its Deuterated ds-5-methyl-2,4-hexadieng;1,1-d; (DMHD-ds, 1-ds) and the
Analogues to Go. A mixture of Cso and 20-fold excess of 2 5.dimethyl-2,4-hexadien@d; (DMHD- dy, 1-dy) were mea-
2,5-dimethyl-2,4-hexadiene (DMHLL,) in deoxygenated tolu-  sured. Substrated-ds and 1-d; reacted under the same
ene, in the absence of light, did not react after 24 h at solvent conditions described above for substrat® yield the [2+ 2]
reflux. However, upon irradiation with a xenon lamp (Variac
Eimac Cermax 300 W), a rapid reaction was observed within _ (15) (a) Vasella, A.; Uhiman, P.; Waldraff, C. A. A.; Diederich, F.;

: ~ i _ Thilgen, C.;Angew. Chem., Int. Ed. Engl992 31, 1388. (b) Isaacs, L.;
15 min (HPLC). A Gofused cyclobutane, 6,6-(61,61-dimethyl Wehrsing, A.; Diederich, Fdelv. Chim. Actal993 76, 1231. (c) Krautler,

It is interesting to note that, like ggand Go,'° cycloadduct

Results

62-(2-methyl)propenylcyclobutane)dihydro[60]fullereri Fig- B.; Puchberger, MHelv. Chim. Actal993 76, 1626.
ure 1), was formed in 60% yield, based on recovered C (16) Orfanopoulos, M.; Kambourakis, $etrahedron Lett1994 35,
Additional irradiation did not increase the yield, even after 194>

X . . . (17) (&) An, Y. Z.; Viado, A. L.; Arce, M. J.; Rubin, YJ. Org. Chem.
prolonged reaction time (7 h). The yield of the reaction ;995 &0, 8330. (b) Torres- Garcia, G.; Mattay, Tetrahedron1996 52,
increased only after an increase of the diene concentration.5421.
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B Scheme 2.[2 + 2] Photocycloaddition ofrans-1-ds to Cgo
| +Ceo
+ Cgo D3
D3C” CD3
1-dg
|
(o +Ceo
1-dh 5a (ki) 5b (kp)
Scheme 3.Photocycloaddition ofrans,trans2,4-Hexadiene
Diene Irradiat. time (min) Conversion %2 kH/ka to CGO
1d¢ 15 60 0.90+0.05
1-ds 420 60 0.89+0.05 Ceo + —
141 15 60 1.0320.05 —
1d1 420 60 1.04+0.05 7
@ Based on recovered C6(
b By 1H-NMR (500 MHz) integration of the relevant signals. The error was + 5% hV1 5 OC
Figure 2. Intramolecular secondary isotope effects in the{22] —
photocycloaddition ofl.-ds and 1-d; to Cso. A AN " X
€p H
WMe,
. . H | wWVeq
deuterated cycloadducis, 4band5a, 5b respectively (Figure . " +
2). Atfter flash column chromatographic purification (toluene: -, H H‘\
. : - 7 H
hexane 2:1) of the reaction products, the secondary isotope | J=151 | - %sz,z
effectskp/kp, which result from the intramolecular competition 7 7 n ea ) H\y
between the two double bondsbfls and1-d;, were measured \J
by integration of the relevaid NMR signals of the [2+ 2] 7¢ (21.8%) 7a (69.4%) 7b (8.8%)

productsda, 4b and5a, 5b, respectively. The product ratios
4al4band5a/5h, which are proportional to the secondary isotope Scheme 4. Photocycloaddition otis,cis2,4-Hexadiene to
effects ky/kp, are shown in Figure 2. The ratiba/4b was Ceo
measured by integration of tHél NMR signals at 1.94, 2.07

ppm for 4a (Me., Mey) and at 1.88, 1.89 ppm fotb (Me,,

€p
Mep). Similarly, the5a/5bratio was determined by integrating | hv Hp i\\Med
the two single peaks at 4.70 and 6.17 ppm, which correspond Cg, + > He * H
to 5a(Hz) and5b (Hp), respectively. The results are summarized | s°¢ " u=tos H |
in Figure 2. MI W, P Jjo-s
To examine the stereochemistry of theff22] cycloaddition 8 ea e Me; He
of the diene to G, the 2,5-dimethyl-2,4-hexadierigl,l-ds 8a (84.2%) 8b (15.8%)

(DMHD-d3, trans-1-d3) was prepared in high stereochemical
purity by specific deuterium labeling of tliemnsmethyl group o .
at the diene terminal. Reaction ofgwith trans-1-d; under 4-ph§0nyltr|azolln_e-3,5-d|one (PTADj tetracyanoethylene (TC-
the previously described conditions gave three of the possible NE):*° @nd 1,1-dichloro-2 2-difluoroethylerfé.
four [2 + 2] adducts (Scheme 2). The ratGa/6b/6c was Addition of the trans,trans2,4-Hexadiene to Go. A
measured byH NMR integration of the signals of the four ~Mixture of Gy and 80-fold excess of thérans,trans2,4-
differently shifted methyl groups to be 2:1:1. Under the Nexadiene7 in deoxygenated toluene reacted rapidly upon
experimental conditions, only a small fraction4%) of the irradiation at 5°C for 20 min. After solven_t _evaporahon_under
recoveredrans-1-d; was isomerized to theis analogue. reduced pressure, the products were purified by washing many
To obtain further information on the stereochemistry of the times with distilledn-hexane. The solid was dried in a vacuum
[2 + 2] photocycloaddition reaction of dienes, the addition of and characterized bfH NMR and FAB-MS. The'H NMR
the three stereoisomers of 2,4-hexadiene ¢ \as studied. ~ SPectrum revealed the presence of thet{2] diastereomeric
These substrates have been successfully used in the past tgdductsraand7b (Scheme 3, Figure 3). The coupling constant

elucidate the stereochemistry of the f4 2] and [2 + 2] between the hydrogens on the cyclobutane ring was 8.5 Hz for
cycloadditions of a number of other electrophiles, suckag® the major a_dduct and 10.3 Hz for the minor a_dduct. _The first
value is typical for drans and the second for @s-substituted
(ig) ?Sheav |l=<'- E FOO‘CE'$C-AS- é”r? Chgmdg»g;i?ga éé%”m- cyclobutane ring2ab indicating that7a is the major product.
EZO; Oe.gﬁig’y K E?oth,()te.’ cC. Srrr.]étrahir;fonoLettlégQ %1’ 841. The stereochemistry of the unreacted double bond&aind
(21) (a) Montgomery, L. K.; Schueller, K. E.; Bartlett, P.JDAm. Chem. 7b was determined by homonuclear decoupling experiments.

Soc 1964 86, 622. In this paper, in eq 2 on page 625, f&y)ians read
(YX)wans (D) Bartlett, P. D.; Dempster, C. J.; Montgomery, L. K.; Schueller, (22) Introduction to NMR spectroscopfbraham, R. J., Fisher, J., Loftus,
K. E.; Wallbillich, G. E. H.J. Am. Chem. Sod 969 91, 405. P., Eds.; John Wiley and Sons Ltd.: Chichester, 1988.
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Coo +"¢/=\_‘_——_.F7a +7b + 8a + 8b+ 7c

50C

Diene Irradiat. conv %2 Products
t (min) Ta 7o 8a 8b 7c
trans, trans 20 33 694 8.8 - - 21.8
cis, trans 20 41 51.9 7.4 317 7.5 1.5
cis, cis 20 43 - - 84.2 15.8 -

ABased on the recovered C6()

N ' 7a 4+ 7b + 7c
A JMIAAA‘A AN J Ahm

7a +7b + 7c + Ba + 8b

W TS

8a + 8b

DU S

T

T T T
ppm 6.5 6.0 5.5

T T T T T T L T T T T T

!
5.0 4.5 4.0

Figure 3. Photocycloadditions of the three 2,4-hexadienes isomeBs and9 to Cso.

Upon irradiation of the doublets at 1.83 ppm, which correspond the thermal reaction of g with 8 is very slow?® For example,

to the methyls Mg Me; of 7a and 7b, the multiplets at 5.96

in the absence of light (thermal conditions), thet{£] adduct

and 5.91 ppm, which correspond to the olefinic hydrogens was not detected after 48 h of stirring at room temperature. The

geminal to the Mg and Mg, collapsed to doublets, with
coupling constantd = 15.1 and 14.2 Hz, respectively. These
values are typical faransalkyl-substituted double bond&The
ratio 7a/7b was measured byH NMR to be 7.8:1.

Along with the [2+ 2] products7a and 7b, a substantial
amount (21.8%) of theis [4 + 2] adduct7c was shown byH
NMR. The identical [4+ 2] adduct was isolated by the thermal
addition oftrans,trans2,4-hexadiene to §gat room temperature.
The structure of7c was confirmed by matching ittH NMR

stereochemistry of these products was confirmed by homo-
nuclear decoupling experiments. Decoupling of the hydrogens
Hp and H; of the cyclobutane rings @a and8b by irradiation

of the methyl groups Mg Mey at 1.98 ppm showed that the
resulting doublet of |Hat 4.46 ppm, which belongs to the less
predominant isomer, had a coupling constant 10.4 Hz. This
value, typical for ecis-substituted cyclobutane ridgjndicates

a cis stereochemistry for the minor adduct on the cyclobutane
ring. Moreover, the coupling constant between the hydrogens

spectrum to that of the adduct produced separately by thefor the major adduct] = 8.7 Hz, is typical of arans-substituted

thermal addition of dien& to Ce0.2® Efforts to separate these

cyclobutane ring? Irradiation of the vinylic methyl groups Mg

cycloadducts by either flash column chromatography or HPLC Me, at 1.88 ppm simplified the multiplet absorptions of &hd
were unsuccessful. At the end of irradiation, a small isomer- H. at 5.84 and 5.91 ppm @&a and8b, into two doublets with

ization of the recoveredrans,trans2,4-hexadiene to theis,

trans-2,4-hexadiene~2%) was found by gas chromatography.
Addition of the cis,cis2,4-Hexadiene to Go. Cycloaddition

of cis,cis2,4-hexadien& to Cso under photochemical conditions

coupling constantd = 10.5 and 10.8 Hz, respectively. These
values are consistent withas stereochemistry of the double
bond%? in 8a and8h. The ratio8a/8b was measured biH
NMR to be 5.3:1. Capillary column gas chromatographic

identical to those described previously produced two diastere- analysis of the recoveredis,cis diene 8 showed only 4%

omeric [2 + 2] products,8a and 8b (Scheme 4).'H NMR
analysis of the reaction mixtui&a and8b showed a spectrum
remarkably different from that ofaand7b (Figure 3). In this

isomerization to theis,transisomer.

Addition of the cis,trans2,4-Hexadiene to Go. The
photochemical cycloaddition of theis,trans2,4-hexadien&®

case, the thermal [4 2] cycloadduct was not detected, because , ¢ was also studied under experimental conditions identical

(23) A detailed report for the [4- 2] cycloadditions of the isomeric
2,4-hexadienes todgwill appear elsewhere.

to those described!H NMR analysis of the reaction mixture
revealed the formation of the expected four22] stereoiso-
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TS, or HPLC were unsuccessful. ThE NMR spectrum indicates
that the [2+ 2] addition takes place exclusively at thg-€C,
double bond. Had the /&C, double bond added to ¢
additional downfield (two quartets) and upfield (two singlets)
signals would have been detected. Moreover, the addition of
(E)-2,4-dimethyl-2,4-hexadiene togis slightly diastereose-
lective (~10% diastereomeric excess).

Energy

Discussion

While a wide variety of dienes are well-known to react in a
[4 + 2] mode with Gg, no [2+ 2] reactions involving dienes
Reaction Path have been reported, and only a few have been reported with
Figure 4. Energy profile in the [2+ 2] photocycloaddition ofis trans other electron-rich SL_Jbstrates. In_ t_he present work, a new class
2,4-hexadiene to &. of [2 + 2] photochemical cycloadditions tasgls reported. Apart
from the [2 + 2] addition of enones to #, which follows
TS, different mechanistic pathways than all the previous examples
reported in the literature, this is the first example of422]
additions dealing with substrates substantialy less electron rich
than the ynamines and tetraalkoxyethylenes.

These reactions reach equilibrium and, upon irradiation of
the isolated fullerenyl cycloadducts, cyclorevert tg @nd the
starting dienes. The yields are low, because the equilibrium
favors the reactants rather than the products. However, higher
yields can be achieved (based ogy)Gf excess diene is used.
Similar cycloreversion reactions ofg§[2 + 2] adducts have
been reported earliéf.

The'H NMR spectroscopic data of the {2 2] photochemical

Reaction Path adducts formed by the cycloadditions of the three isomers of
Figure 5. Energy profiles in the [2+ 2] photocycloadditions of 2,4-hexadiene of known stereochemical purity i@ rovide
transtrans and cis,cis-2,4-hexadienes to & rich mechanistic information for this type of reaction. A
- ] remarkable result is the retention of stereochemistry of the diene
Scheme 5.[2 + 2] Photocycloaddition of)-2,4-Dimethyl- double bond which has not reacted witgo® form the [2+
2,4-hexadiene to & 2] cycloadducts. For example, cycloaddition todnstrans

N N 2,4-hexadiene to §g leads to the formation of diastereoisomers
4 «Ha
lla hv ' +
1
7 | 7
1 10a

7a, 7b (Scheme 3), where the unreacted double bond of the
(i}

Energy

diene retains thérans stereochemistry in the products. Simi-
larly, in the adduct8a and8b (Scheme 4) that are formed by
cycloaddition of thecis,cis2,4-hexadiene to &, the cis
stereochemistry of the nonreacted double bond is completely
retained.

Furthermore, the [2+ 2] cycloaddition of the hexadiene
mers7a, 7b, 8a, 8b, accompanied by a negligible amount of isomers is diastereoselective with respect to the stereochemistry
the [4+ 2] adduct7c (Figure 3). A small isomerization of the  of the formed cyclobutane ring. Regardless of the initial

recovered diene~3% of thetrans,trans and 1% of thecis, stereochemistry of the double bond in the hexadiene, a prefer-

cis-2,4-hexadiene) was detected by capillary column gas chro- ence for therans configuration of the cyclobutane ring of the

matography. adduct in the range of 7.8:1 to 4.2:ttgns:ci9 was observed
Regiospecific [2+ 2] Photocycloadditions of Dienes to G. (Figure 3). For example, theans:cisratio with respect to the

To study the regioselectivity of the photochemical 42 2] stereochemistry of the cyclobutane ring was measured to be

cycloaddition of dienes to &g, (E)-2,4-dimethyl-2,4-hexadiene 7.8 in the cycloaddition of € with the trans,transdiene. In

10 was prepared. Diené&O is appropriate for this purpose the reaction of theis,transdiene with Go, when the addition
because it bears methyl-monosubstituted and -disubstitutedtook place on thecis double bond of the diene, theans:cis
olefinic terminals. A mixture of gy and 40-fold excess df0 ratio was found to be 7.0, while that for the addition of the
in deoxygenated toluene was irradiated for 20 min. The reaction trans double bond was 4.2. Finally, a ratio of 5.3 for the
mixture was purified by flash column chromatography (toluene: addition ofcis,cisdiene to Gy was measured (Scheme 6). The
hexane, 2:1) followed by hexane extractions. HPLC showed a loss of stereochemistry of the initial reactive diene double bond
35% conversion based on the recovered. CThe 'H NMR in the [2 + 2] adducts is consistent with the formation of an
analysis ofLlOaand10b showed two quartets due ta,ldnd H open, free to rotate, intermediate. These results definitely
at 4.10 and 4.53 ppm, respectively, accompanied by two singletsexclude the possibility of a concerted mechanism, where in all
due to H, and Hyat 6.21 and 6.29 ppm (Scheme 5). The vinylic cases retention of stereochemistry in the cyclobutane ring would
hydrogens of similar adducts such 2s7a, 7b, 8a and 8b have been expected. The remarkable preference dirdine
absorb at lower fields than the cyclobutane ring hydrogens. The over thecis stereochemistry of the cyclobutane ring must be
IH NMR region between 1.85 and 2.08 ppm is complicated due due to the difference in activation energy of the diastereomeric
to the eight different methyls ofOa and 10b. Attempts to transition states in the second step of the reaction leading to
separate.Oafrom 10b by either flash column chromatography the diastereomeric products. Ttrans-cyclobutane adduct is
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Scheme 6.Proposed Mechanism of the {2 2] Photocycloaddition of g to 2,4-Hexadienes

[~

trans,trans

l

A
2
Y
N\
=

1 7
7.8 1 43
j;\‘><

« radical or ion
o Arrows with loops designate bond rotation preceding ring closure

favored, because each of the factors that stabilize the productdrans2,4-hexadiene with &g; it favors addition of thesis double
also stabilizes the corresponding transition states in the secondbond of the diene over theanshby a factor of 1.5. The second
step of the reaction coordinate. Thids,is energetically favored  step is the one that determines the diastereoselectivity for the
over 7b, and8ais favored overBb (Figure 4, 5). thermodynamically more stabteans-cyclobutane productga
Considering the retention of stereochemistry of the unreactedand8a.  The low rotational barrier around the,€Cj single
diene double bond, it is possible to estimate the relative bond in the open intermediate, which is expected to be around
reactivity of thecis vs thetransdouble bond in the reaction of ~ 1—2 kcal/mol (libration rather than complete rotation), leads to
cis,trans2,4-hexadiene with & When thecis double bond loss of stereochemical integrity in the cycloadducts. Thus, the
of thecis,transdiene9 reacts with G, products7aand7b are reaction ofcis,trans2,4-hexadiene with £ showed a 59.4%
formed. Reaction of thzansdouble bond affords adducss cis double bond reactivityda + 7b vs 8a+ 8b, Figure 3) and
and8b. The ratio of(7a + 7b) versus(8a + 8b) reflects the 87.5%trans diastereoselectivity in the cyclobutane ring of the
relative reactivity of thecis andtrans double bonds in theis, adducts 7Ta+ 8avs7b + 8b, Figure 3). Similarly, the reaction
transhexadiene. This ratio was measured to te{ 7b)/(8a of cis,cis2,4-hexadiene gave a 84.2%nsdiastereoselectivity
+ 8b) = 3:2 (Figure 3, Scheme 6). This result shows that the in the cyclobutane ring (Figure 3). These results indicate that
cis double bond of theeis,trans2,4-hexadiend is 1.5 times  the observed stereochemistry of the ring is controlled by the

more reactive than thizgans The higher reactivity of theis rate of rotation around the,€Cs bond. Subsequent cyclization
double bond requires that the transition st (cis double must be slower than rotation about this bond. The present
bond addition) have lower energy than transition st&g(trans results definitely exclude the two other mechanistic possibilities,
double bond addition, Figure 4, Scheme 6). THIS; leads ~ npamely, a synchronous reaction or formation of an open
to intermediatd; and has aransdouble bond, whild'S; leads ~ intermediate whose closure is faster than rotation.

to mtermedlatdzlano! has ais qlouble bon(_j. These mtermed.l- The competition between internal rotation and ring closure
ates, whether diradicals or dipolar, retain the stereochemistry.

of the unreacted double bond of the initial diene (Scheme 6). in the intermediate is suc_h that rotat!onal eq“"'b”“m IS
. " ) approached but not fully attained before ring closure. This fact
The first step of the cycloaddition ¢fans,trans2,4-hexadiene

. ; ; . o makes it possible to estimate quantitativéithe relative rates
to Cqg involves the formation of intermediate. The lifetime P N

 this int diate | | ht it rotati of these competing processes. In the additions of the 2,4-
g o Ir?(j":he:gi C;at?olr? daﬁf:(rfnn ¥O?Qg f% noi%onoogfgzla(rj%a |ton hexadiene isomers tog6; the ratio of adducts wittransring
7;:nd7b throu 3h the diastelre%meric treilTsitilon StaFes angc S configuration to those witkis was 7.8 in the case of theans,

ug - I -aa transdiene7 and 5.3 in the case of thas,cisdiene8 (Scheme
TSap, respectively (Figure 5, Scheme 6). Similarly, in the case ; A
o . - 6). From these values we estimate that rotation in the open
of the cis,cis2,4-hexadiene, rotation around the-Ts bond intermediate is approximately 18 times faster than rin
of the intermediaté leads to8a and8b through the diastere- closure21a2s bp y 9
omeric transition state¥S,, and TSy, (Figure 5, Scheme 6). '
As we mentioned, the first step of the reaction is responsible ~(24) Bartlett, P. D.; Walldillich, G. E. HJ. Am. Chem. Sod 963 91,
for the observed regioselectivity in the {2 2] reaction ofcis, 409.
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Scheme 7.Intermediates and Transition States in the{2] Photoaddition ofl-ds to Cs

TS,

+ radical or ion

It is important to note that only in the reaction of ttrans,

trans-2,4-hexadiene (Scheme 3) is a significant amount of the

[4 + 2] cycloaddition product7c (21.8%) formed. Control
experiments showed that Dielé\lder adduct/c results from a

thermal reaction even at ambient temperatures. Under the same

thermal conditions, theis,transandcis,cisdiene isomers were
totaly unreactive. Molecular calculations have sh&hat the
cisoid conformation, required for the Diet#\lder reaction, of
the trans,transhexadiene has the lowest rotation barrier (2.8
kcal/mol), compared to theis,trans(5.9 kcal/mol), thecis,cis
(11.5 kcal/mol), and the DMHD (12.9 kcal/mol). Consequently,
the energy difference of the-cis conformation of the ground

state of the diene isomers shows up in the transition states of

the Diels-Alder reactions, and only thgans,transdiene is
energetically favored to undergo this reaction.
The possibility that the [4+ 2] cycloadduct7c may arise

photochemically from the open intermediatgandl ; is remote,
because, in that case, tlés,cis2,4-hexadiene and the 2,5-

Scheme 8.Proposed Mechanism in the [2 2]
Photoaddition otrans-1-ds; to Cso

I5 (50%) ls (50%)
6a (50%) 6b (25%) + 6¢C (25%)

of ky/kp = 0.7225 It has been well established that the
mechanism of this reaction involves the formation of a dipolar
intermediate in the rate-determining step. Comparably large
secondary isotope effects have been obséhmdhe methanol

dimethyl-2,4-hexadiene would also give the corresponding [4 trapping experiments of 4-phenyltriazoline-3,5-dione (PTAD)

+ 2] adducts, which were not found. Furthermore, it is unlikely
that the favored transoid conformation of the open zwitterion
or biradical intermediate could close in af42] mode involving

a trans double bond in a six-membered ring. The negligible
amount (1.5%) of the [4+ 2] adduct7cin the reaction of G
with cis,trans2,4-hexadiene is probably derived from a small
isomerization £3%) of the starting diene into thieans,trans
analogue.

with tetramethylethylenes, which is a reaction that involves a
zwitterionic-like transition state.
lonic intermediates are usually trapped by protic solvents,

such as methan®t?® or water. Successful water trapping
experiments reported in the [2 2] photochemical reaction of
Cso With silyl ketene acetaf$ led to the conclusion that the
reaction proceeded via a dipolar intermediate. However, in the
present work, no methanol trapping products were detected when

To probe this mechanism further and elucidate the nature of the reaction of G with hexadienes was run in the presence of

the proposed open intermediate, the intramolecular secondarysignificant amounts of methanol. This result also favors the
isotope effects were measured. A small inverse secondaryinvolvement of a biradical rather than a dipolar intermediate.
isotope effect was found in the intramolecular competition for The finding that the stereochemistry of the unreacted double

the [2 + 2] adducts ofl-ds with Cg. The new C-C bond
between G and1-ds is preferentially formedku/kp = 0.9) at
the carbon which bears the gemiraCD3 groups. It is expected
that transition statd' Sz, which leads to the formation df,
would be energetically favored over transition ste®, because

bond in the cycloadducts is retained is also in agreement with
the known propensity of allylic radicals to resist rotation around
the partial double bonds.

Based on the previous discussion, it is now easy to understand
why the photochemical [Z 2] cycloaddition of Go to trans-

the developing radical or positive charge is stabilized better in 1-d; gives only three of the possible four f2 2] adducts in a

TS;3 by hyperconjugation from the six hydrogens of the two
methyls than inS, by the six deuteriums of the two deuterated

ratio 6a/6b/6¢c= 2:1:1. Disregarding a possible small secondary
isotope effect (for three deuteriums), the two double bonds of

methyls (Scheme 7). Assuming the existence of an open trans-1-d; must react at the same rate to give the two biradical

intermediate, this isotope effect is nominally asecondary
isotope effect, since the isotopic labeling is at thposition
(five chemical bonds away) with respect to the newly formed

intermediateds and s in the same ratio (Scheme 8). These
biradicals permit rotation around the,€C3; bond but resist
rotation about the £-Cs partial double bond. Thus, biradical

C—C bond. Because of the magnitude of the secondary product| 5 gives exclusivelyéa with retained geometry of the,£Cs

isotope effect, and on the basis of additional experimental

evidence, we favor the formation of a biradical over a zwitte-
rionic intermediate. In the case of a zwitterionic intermediate,
a higher isotope effect would have been expected, because
carbocationic-type transition state is stabilized more efficiently

by hyperconjucation than a radical-type transition state. For

example, the ionic [2+ 2] cycloadditions ofl-ds to tetracya-

(25) Vassilikogiannakis, G.; Orfanopoulos, WMetrahedron Lett1996
37, 3075.

(26) Elemes, Y.; Orfanopoulos, M. Unpublished results.
a (27) Tokuyama, H.; Isobe, H.; Nakamura, E. Chem. Soc., Chem.
Commun.1994 2753.

(28) (a) Walling, C.; Thaler, WJ. Am. Chem. Sod 961 83, 3877. (b)
Krusic, P. J.; Meakin, P.; Smart, B. E. Am. Chem. S0d 974 96, 6211.
(c) Korth, H.-G.; Trill, H.; Sustmann, RJ. Am. Chem. Sod981, 103

noethylene (TCNE) gave a significant secondary isotope effect 4483.
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chromatograph with 50%50% phenyl methyl silicone capillary column
and a 5971A MS detector. The photochemical cycloadditions were
monitored using a HPLC chromatograph equipped with a Sepagn C
7 um, 200 mmx 4.6 mm i.d. reversed-phase column. A mixture of
toluene:acetonitrile (1:1) was used as eluent at 1 mL/min flow rate,
and UV detection was at 310 nm. FAB mass spectra were obtained
on a VG-ZAB-SE mass spectrometer by usmgitrobenzyl alcohol
as a matrix. Photocycloadditions and photooxygenations were achieved
with a xenon Variac Eimac Cermax 300 W lamp. TLC was carried
out on SiQ (silica gel ksy). Chromatography refers to flash chroma-
tography and was carried out on Si@ilica gel 60, SDS, 236400
7 (100%) mesh ASTM). Drying of organic extracts during workup of reactions
¢ was performed over anhydrous Mg&CEvaporation of solvents was
accomplished with a rotatory evaporators,@as purified from soot
according to a literature procedife.
General Procedure for Photocycloadditions of 1, Ids, 1-d, trans-
1-d;, 7, 8,9, and 10, to G. The solvent used was HPLC grade toluene,
and6c in equal amounts. sample size was 30 mL, and the concentrationssefd dienes ranged
In the case of the [2+ 2] reaction of Gy with (E)-2,4- between 0.7 and 0.92 mM and between 15 and 70 mM, respectively.
dimethyl-2,4-hexadiene, the addition took place exclusively at Samples were stirred for 45 min with argon bubbling through them
the C—Cs double bond. This unexpected regiospecificity may and subsequently_lrrad_lated for —;Bo_mln._ I__onger |rrad|§t|on _dld
be due to the cooperation of two different factors. The first not affect the reaction yields. During |(rad|at|on, the reaction mixtures
. . ; . . were cooled with ice water and monitored by HPLC. Toluene was
one involves differences in the stereochemical hindrance of the

. o . removed under reduced pressure. In most cases, the products were
two terminals of the dienic system {@nd G), which favor separated from the unreactegy®y flash column chromatography by

reaction at . The second factor may be the stability of the  sing a mixture of toluene:hexane (2:1) as eluent. A very small amount
intermediate biradicals. Thus, the reaction of the less substituted(~39%) of a side product was detected by HPLC in the reactioh of

terminus (G) of the ()-2,4-dimethyl-2,4-hexadiene leads to and its deuterated analogues. This byproduct, probably a bisadduct,
the formation of the tertiary allylic biradical, which is more had a shorter retention time than add®&tand was not further
stable than the secondary allylic biraditathat is formed from characterized. Side products or higher adducts were not detected by
the addition at the more substituted terminus) (@f the diene HPLC and'™H NMR in the photocycloadditions of, 8, 9, and 10 to

Scheme 9.Proposed Mechanism in the [2 2]
Photoaddition of E)-2,4-Dimethyl-2,4-hexadiene tog&

Ig (0%)

(10a + 10b) ~ 10% diastereomeric excess

double bond. In contrastg leads to the formation of botBb

(Scheme 9). Cso. When the solvent was removed, the products were sonicated with
hexane, and then the hexane was decanted from the precipitated solid.
Conclusion The remaining volatile material was removed from the residue by

pumping on the sample under high vacuum.

In this paper, we have reported a new type of photochemical ~ The 'H NMR and FAB-MS spectroscopic data f@r (3a + 3b),
[2 + 2] cycloaddition of Gy to alkyl-substituted 1,3-butadienes. (4a+ 4b), (5a+ 5b + 50), 7a, 7b, 7c, 8a, and8b are given below.
These compounds are less electron rich than the reported 6.6-(61,61-Dimethyl-62-(Zmethyl)propenylcyclobutane)dihydro-
unsaturated substrates that undergo &[2] addition to Go. [60]fullerene (2). *H NMR (500 MH2): 0 1.88 (d.J = 1.3 Hz, 3H),
The [2+ 2] cycloadditions take place only under photochemical 1.89 (d,J = 1.2 Hz, 3H), 1.94 (.S’.3H)’_2'07 (s, 3H),_4.7O = 9.7

" . . Hz, 1H), 6.20 (d with allylic splitting); = 9.7 Hz,J, = 1.2 Hz, 1H).
conditions. This observation demonstrates the strong electro-r g s for CoHha (M + 1) 831.06.
philic characte.r_of the triplet e>_<C|ted state ofoC The [2+ 2] (4a+ 4b). *H NMR (500 MHz): 6 1.88 (d,J = 1.3 Hz, 3H of
photocycloadditions are reversible and reach an equilibrium. The 4p) 1,89 (d,J = 1.2 Hz, 3H of4b), 1.94 (s, 3H of4a), 2.07 (s, 3H of
stereochemical studies and the secondary isotope effects showa), 4.70 (d,J = 9.7 Hz, 1H of4a + 1H of 4b), 6.20 (d with allylic
that the first step of the reaction involves the addition of the splittingJ; = 9.7 Hz,J, = 1.2 Hz, 1H of4a+ 1H of 4b). FAB-MS
dienes to the triplet excited state oggQria electron transfer  for CegHgDe: (M + 1), 837.14.
from the diene, followed by rapid collapse of the initial ion (5a+ 5b). 'H NMR (250 MHz): ¢ 1.88 (br s, 6H ofba + 6H of
pair to the [2+ 2] cycloadducts. The first (rate-determining) 5b) 1.94 (s, 3H of5a + 3H of 5b), 2.07 (s, 3H of5a + 3H of 5b),
step of the reaction, which leads to the formation of a biradical 470 (S, 1H of5a), 6.17 (br s, 1H obb). FAB-MS for CgHiD: (M
intermediate, is responsible for the observed regioselectivity and ™ (léasizé%i 60). 1H NMR (500 MHz): & 1.88 (br s, 3H o6 -+
the secondary isotope effects. The second step (collapse of the, | g """t 69 1 89 (br s, 3H ob + 3H of 60). 1.94 (s, 3H
initial ion pa|r)_ dictates the diastereoselectivity that favors the e a1y Croror 60), 2.07 (s, 3H oBa+ 3H of 6c or 6b), 4.70 (d,
t.her.modynamlcglly more statllmn_srcyc_lobutane products. The. J=9.7 Hz, 1H of6a -+ 1H of 6b + 1H of 6¢), 6.20 (d,J = 9.7 Hz,
lifetime of the biradical intermediate is long enough to permit 14 of 6a+ 1H of 6b + 1H of 60).
rotation around the £-Cs bond, thus leading to loss of 6,6-(61-Methyl-62transpropenyl-trans-cyclobutane)dihydro[60]-
stereochemical integrity of the cycloadducts. However, the fullerene (7a). 'H NMR (500 MHz): ¢ 1.83 (dd,J; = 6.4 Hz,J, =
stereochemistry of the unreacted double bond of the dienes isl1.3 Hz, 3H), 1.95 (dJ = 7.1 Hz, 3H), 4.15 (m, 1H), 4.32 (§ = 8.5
retained, and this result is consistent with the known propensity Hz, 1H), 5.95 (m, 1H), 6.35 (dd with allylic splittingy = 15.1 Hz,J,
of allylic radicals to resist rotation around the partial double = 8.7 Hz,Js = 1.5 Hz). FAB-MS for G¢Hso (mixture of7a, 7b, and

bond.

Experimental Section

General Considerations. *H NMR and *C NMR spectra were
recorded on 250 and 500 MHz spectrometers, in GB3Glutions, by
using MaSi as internal standard, except for th¢ NMR spectra of
the Gy adducts, which were run in a mixture of £€SsDs (4:1).
Chemical shifts are reported in ppm downfield fromJ®8e Isomeric
purities were determined byH NMR and with an analytical gas

7¢): calcd 802.0782, found 802.0784.
6,6-(61-Methyl-62{rans-propenyl-cis-cyclobutane)dihydro[60]-
fullerene (7b). *H NMR (500 MHz): ¢ 1.84 (dd,J; = 5.9 Hz,J, =
1.5 Hz, 3H), 1.98 (dJ = 7.1 Hz, 3H), 4.43 (m, 1H), 4.77 (§,= 10.3
Hz, 1H), 5.94 (m, 1H), 6.54 (dd; = 14.2 Hz,J, = 10.3 Hz). FAB-
MS for GeeHio (mixture of 7a, 7b, and 7c): calcd 802.0782, found
802.0784.
6,6-(61-Methyl-62<¢ispropenyl-trans-cyclobutane)dihydro[60]-
fullerene (8a). *H NMR (500 MHz): ¢ 1.89 (dd,J; = 6.9 Hz,J, =
1.7 Hz, 3H), 1.98 (d) = 7.1 Hz, 3H), 4.11 (m, 1H), 4.70 (= 8.7



Functionalization of G with Alkyl-1,3-butadienes

Hz, 1H), 5.85 (m, 1H), 6.40 (dd with allylic splitting but seems like a
triplet with allylic splitting, J; ~ 10.0 Hz (an averageJ, = 1.7 Hz).
FAB-MS for CseHio (Mixture of 8a and 8b): calcd 802.0782, found
802.0784.

6,6-(61-Methyl-62<cispropenyl-cis-cyclobutane)dihydro[60]-
fullerene (8b). *H NMR (500 MHz): ¢ 1.86 (dd,J; = 6.9 Hz,J, =
1.7 Hz, 3H), 1.98 (dJ = 7.1 Hz, 3H), 4.46 (m, 1H), 5.18 (§,= 10.3
Hz, 1H), 5.91 (m, 1H), 6.55 (t with allylic splittingl; = 10.4 Hz,J,
= 1.7 Hz). FAB-MS for GgHio (mixture of 8a and 8b): calcd
802.0782, found 802.0784.

6,6-(61,64eis-Dimethylcyclohex-62-ene)dihydro[60]fullerene (7c).
H NMR (500 MHz): ¢ 1.92 (d,J = 7.1 Hz, 6H), 3.96 (dg), = 7.1
Hz, J, = 1.7 Hz, 2H), 6.49 (dJ = 1.7 Hz, 2H). FAB-MS for GeH1o:
calcd 802.0782, found 802.0784.

Self-Sensitized Photooxygenation of 2 or (4& 4b). An oxygen-
saturated solution o2 or (4a + 4b) (5 mg) in a 5 mLmixture of
CS:CeDg (4:1) was irradiated. The photooxygenation was monitored
by 'H NMR, and after 20 min of irradiation the reaction was complete
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dry THF (20 mL) was added a 5.7 mL solution mBuLi (1.6 M) in
hexane under Natmosphere. The solution was red due to the formation
of triphenylphosphoranylidene isopropane (15). After the mixture was
stirred fa 1 h atroom temperature, a solution of 3-methyl-2-butenal-
1-d; (0.72 g, 8.4 mmol) in 5 mL of dry THF was added dropwise. The
resulting mixture was stirred at room temperature3d and poured
into 50 mL of pentane. Triphenylphosphine oxide {R@) precipitated.
After filtration the solution was concentrated, and the residue was
chromatographed (pentane) to give the, diene (0.65 g, 69%).H
NMR (250 MHz): ¢ 1.72 (s, 6H), 1.78 (s, 6H), 5.96 (s, 1H). MS:
m/z 111 (M*, 100). The precursor to ylide phosphonium daftwas
prepared by heating neat an excess of isopropyl bromide (4.92 g, 40
mmol) and triphenylphosphine (5.2 g, 20 mmol) in a sealed tube for
24 h at 140°C. The phosphonium salt was collected as a white solid
and was washed with hot toluenétd NMR (300 MHz): ¢ 1.29 (dd,
Ji-p = 19.0 Hz,Jy—4 = 6.8 Hz, 6H), 5.56 (m, 1H), 7.637.73 (m,
9H), 7.92-7.99 (m, 6H).

2,5-Dimethyl-2,4-hexadienet,1,1,2,2,2'-ds (1-ds). This compound

(100% conversion). The diastereomeric excess of the two hydroper- was prepared by Wittig coupling of triphenylphosphoranylidene-3-
oxides was measured Bi# NMR integration of the doublets which  methyl-2-butene with acetord-in dry THF at 0°C (65% yield).H
correspond to the cyclobutane product hydrogens at 4.00 and 4.11 ppmNMR (250 MHz): ¢ 1.72 (s, 3H), 1.78 (s, 3H), 5.96 (s, 2H). Exact
Subsequently, the hydroperoxides were reduced by triphenylphosphinemass for GHsDs: calcd 116.1472, found 116.1452. The precursor to
to the corresponding alcon@aand3b. These alcohols were separated the ylide, the phosphonium salt, was prepared in 90% yield by heating
by flash chromatography using a mixture of toluene:hexane (2:1) as 4-bromo-2-methyl-2-butene (Aldrich) and an equimolar amount of

eluent.

IH NMR (250 MHz) for the first diastereomer 1.31 (d,J = 3.7
Hz, —OH), 1.97 (s, 6H), 1.99 (s, 3H), 4.12 @= 11.0 Hz, 1H), 5.04
(s, 1H), 5.05 (ddJ; = 11.0 Hz,J, = 3.7 Hz, 1H), 5.21 (s, 1H). When
a drop of DO was added, the coupling between th©H and the

hydrogen geminal to the hydroxyl group disappeared, and the doublet

of doublets at 5.05 ppm was converted into a doublet.

H NMR (250 MHz) for the second diastereome¥:1.28 (d,J =
3.2 Hz, —OH), 1.89 (br s, allylic methyl, 3H), 2.09 (s, 3H), 2.18 (s,
3H), 4.02 (d,J = 10.9 Hz, 1H), 4.86 (t, due to the allylic splitting,
= 1.5 Hz, 1H), 5.05 (ddJ; = 10.9 Hz,J, = 3.2 Hz, 1H), 5.06 (s, 1H).
When a drop of RO was added, the coupling between th®H and

the hydrogen geminal to the hydroxyl group disappeared, and the

doublet of doublets at 5.05 ppm was converted into a doublet.
2,5-Dimethyl-2,4-hexadiene3-d; (1-d;). This compound was pre-
pared according to the procedure shown below:

>_ LiAID4 >_ PCC >_¥
COOEt CD,OH o}

1 12 13D

>(F)p8hr§-) w» >:PPh3 ——>13 >?_—<
" *

3-Methyl-2-buten-1-0l-1,1-d, (12). To a mixture of LIAID, (0.42
g, 10 mmol) in dry ether (30 mL) under.Nitmosphere at 0C was
added dropwise a solution of ethyl 3-methylcrotonate (1.92 g, 15 mmol)
in dry ether (10 mL). The mixture was heated under reflux for 1 h.
The reaction was quenched at© by addition of 0.4 mL of HO, 0.4
mL of 15% NaOH, and 1.2 mL of D, followed by filtration. The
mixture was washed with 5% NaHG@nd brine, dried over MgSQ
and concentrated to give the 3-methyl-2-buten-1-&d, (1.2 g, 90%).
H NMR (250 MHz): 6 1.65 (d,J = 1.2 Hz, 3H), 1.72 (dJ = 1.2 Hz,
3H), 5.37 (br s, 1H).

3-Methyl-2-butenal-1-d; (13). To a cooled solution (®C) of
pyridinium chlorochromate (3.88 g, 18 mmol) in dry @&, (40 mL)
was added dropwise a solution of 3-methyl-2-buten-1;@el, (1.2 g,
13.6 mmol) in CHCI, (10 mL). The reaction mixture was stirred at
room temperature for 3 h, followed by a bulb-to-bulb distillation. The
solvent was evaporated without vacuum to afford 3-methyl-2-butenal-
1-d; (0.72 g, 62%).'H NMR (250 MHz): 6 1.91 (d,J = 0.9 Hz, 3H),
2.10 (d,J = 0.9 Hz, 3H), 5.80 (tJ = 0.9 Hz, 1H).

2,5-Dimethyl-2,4-hexadiene-34 (1-d;). To a cooled mixture (O
°C) of isopropyltriphenylphosphonium bromide (3.47 g, 9 mmol) in

triphenylphosphine in a sealed tube for 12 h at 1@. The
phosphonium salt was collected as a white solid and was washed with
hot toluene. *H NMR (250 MHz): ¢ 1.28 (d,J = 3.9 Hz, 3H), 1.67
(d,J =5.8 Hz, 3H), 4.52 (ddJy-—p = 14.5 HZ,J4- = 7.7 Hz, 2H),
5.13 (m, 1H), 7.63-7.90 (m, 15H).

2,5-Dimethyl-2,4-hexadienet,1,1-ds (trans-1-ds). This compound
was prepared according to the procedure shown below:

O,
“P(OEt), 1. NaH
A 2 )=
COOMe =0

16

COOMe
17

lLiAID“

PPhy/Br,

CDoBr CD,0OH

LIAID,

Trans 1-d3

19 18

D3

i

(E)-Methyl-2,5-dimethyl-2,4-hexadienate (17). This compound
was prepared by the Wittig Horner reaction. A solution of methyl
diethyl-2-phosphonopropionate (7.84 g, 35 mmol) in dry DME (20 mL)
was added to a mixture of NaH (60% in paraffin oil, 1.43 g, 36 mmol)
in dry DME (40 mL) under N atmosphere at room temperature. To
the resulting solution, aftel h stirring at room temperature, was added
dropwise a solution of 3-methyl-2-butenal (2.77 g, 33 mmol) in 10
mL of dry DME. After 1 h of stirring, the reaction was quenched
with MeOH and washed with . After concentration, the resulting
residue was chromatographed using a mixture of 4:1 hex&f3Ac
as eluent and yielded exclusiveliresterl7 (3.85 g, 75%).H NMR
(250 MHz): 6 1.84 (s, 3H), 1.85 (s, 3H), 1.87 (s, 3H), 3.70 (s, 3H),
6.07 (d with allylic splitting,J, = 11.9 Hz,J, = 1.3 Hz, 1H), 7.40 (d
with allylic splitting, J; = 11.9 Hz,J, = 1.0 Hz, 1H).

(E)-2,5-Dimethyl-2,4-hexadien-1-olt,1-d, (18). To a mixture of
LiAID 4 (0.7 g, 16.7 mmol) in dry ether (40 mL) undegp Btmosphere
at 0 °C was added dropwise a solution df){methyl-2,5-dimethyl-
2,4-hexadienate (3.85 g, 25 mmol) in dry ether (10 mL). The mixture
was stirred at room temperature for 3 h. The reaction was quenched
at 0°C by addition of 0.7 mL of HO, 0.7 mL of 15% NaOH, and 2.0
mL of H,O and filtered. The mixture was washed with 5% NaHCO
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and brine, dried over MgSQand concentrated to give-alcohol 18 (E)-2,4-Dimethyl-2,4-hexadiene (10).This compound was prepared

(2.55 g, 80%). 'H NMR (250 MHz): ¢ 1.62 (br s,—OH), 1.74 (s, by Wittig coupling of triphenylphosphoranylidene isopropane with tiglic

6H), 1.79 (s, 3H), 5.98 (d with allylic splittingl; = 11.2 Hz,J, = 1.3 aldehyde in dry THF at OC (75% yield). *H NMR (500 MHz): ¢

Hz, 1H), 6.19 (d with allylic splitting,J; = 11.2 Hz,J, = 1.1 Hz, 1H). 1.66 (d,J = 6.8 Hz, 3H), 1.70 (s, 3H), 1.74 (s, 3H), 1.75 (s, 3H), 5.3
(E)-1-Bromo-2,5-dimethyl-2,4-hexadienet, 1-d; (19). A 2 M solu- (9, J = 6.8 Hz, 1H), 5.62 (s, 1H).1*C NMR (125 MHz): ¢ 13.57,

tion of Br, (1 mL, 20 mmol) in dry CHCI; was added under N 16.64, 19.38, 26.70, 122.79, 129.02, 131.57, 133.73. The synthesis of

atmosphere to a solution of triphenylphosphine (5.24 g, 20 mmol) in tisopropyltriphenylphosphonium bromide was previously described.

dry CHCI; at 0°C. The PPEBr, complex immediately precipitated.

After 1 h of stirring at room temperature, the reaction mixture was

cooled at °C, and a solution offf)-2,5-dimethyl-2,4-hexadien-1-0l- . \apje comments and discussions. This work was supported
1,12-d; (2.55 g, 19.9 mmol) in dry CkCl, was added dropwise. The ’ PP

solution was concentrated, and the resulting solid residue afforded thePY the Secretariat of Research and Technology (GrahlER-
E-bromide19 (2.58 g, 68%) after vacuum distillatiortH NMR (250 1995 andlIENEA-1994) and NATO Grant No 931419.
MHz): o 1.75 (s, 3H), 1.80 (s, 3H), 1.84 (s, 3H), 5.94 (d= 11.2
Hz, 1H), 6.19 (d,J, = 11.2 Hz, 1H).
2,5-Dimethyl-2,4-hexadienet,1,1-ds (trans-1-ds). To a mixture of
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LiAID 4 (0.21 g, 5 mmol) in dry ether (15 mL) undek litmosphere at 1-ds, 1-dy, trans-1-d;, (3a + 3b) hydroperoxides3a, 3b, (4a
0 °C was added dropwise a solution &){1-bromo-2,5-dimethyl-2,4- + 4b), (Sa+ 5b), (va+ 7b + 7c), (8a+ 8b), (7a+ 7b + 7c
hexadiene-1,1, (2.58 g, 13.5 mmol) in dry ether (10 mL). The T 8a+ 8b), 10,and(10a+ 10b); decoupledH NMR spectra
mixture was stirred at room temperature for 2 h. The reaction was Of (7a+ 7b + 7c), (8a+ 8b), and(7a+ 7b + 7c+ 8a+ 8b),
quenched at 6C by addition of 0.2 mL of HO, 0.2 mL of 15% NaOH, FAB-MS of 2, (4a+ 4b), (5a+ 5b), and(8a+ 8b); HRMS of
and 0.6 mL of HO, followed by filtration of the inorganic salts. The  1-dg; and GC-MS ofl-d; andtrans-1-d; (38 pages, print/PDF).

mixture was washed with 5% NaHG@nd brine, dried over MgSO  See any current masthead page for ordering information and
and concentrated, and the residue was chromatographed (pentane) tQyeph access instructions.

give trans-1-dz diene (0.95 g, 62%)H NMR (250 MHz): 6 1.72 (s,

6H), 1.78 (s, 3H), 5.96 (s, 2H). MSm/z 113 (M", 100). JA981377W



