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Abstract

The mechanism of the [4+2] cycloaddition reactiorsiofglet oxygen’Q,) with simple acyclic
dienes,i.e. (E)/(2)-1 and E,E)/(Z,E)-2, was investigated by employing tgemdiphenylcyclo-
propylcarbinyl radical clock as a hypersensitivechanistic probe. In both cases, benzophenone,
a decomposition product of the rearranged endopdgortermediated1 and12, was identified

as the major product. The formation of this prodsaonsistent with the intervention of an open
biradical or dipolar intermediate having a lifetigeeater than 2 psec. Our attempts to further
trap any endoperoxide intermediate revealed a nedenof reactivity of these dienic systems
with 30,, that mainly affords the corresponding 1,2-dioxelalerivatives £)-13 and ¢,E)-14,
respectively, through a photoinduced electron teansiechanism, co-sensitized by methylene
blue (MB) and thiourea. The structures 6§-(3 and ¢,E)-14 were supported by experimental
and theoretical NMR studies.

Keywords: [4+2] Cycloaddition, 1,3-dienes, cyclopropyl prabsinglet oxygen, 1,2-dioxolanes,
reaction mechanisms
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Introduction

Reactions of singlet oxygehQy), the common name used for the diamagnetic, dixsited state

of molecular oxygen®Q.),' play a key role in many diverse fields, rangingniratmospheric
chemistry and materials science to biology and oieelf In particular,"O, plays a key role as

a synthetic reagent for the synthesis of fine ckalsf=® as intermediate in oxygenation
reactions of polymerS,in the treatment of wastewafet,as a non-radical reactive oxygen
species (ROS) which is closely associated withuéstamage and various diseaSe¥ and also

in photodynamic applications such as blood statilon, sunlight-activated herbicides and
insecticides, and photodynamic therapy (PDT) oteah>'*'*Among the various types 00,
reactions, the [4+2] cycloaddition &0, has inevitably drawn great attention, and compsund
embodying the endoperoxide functional group arevglemt throughout chemistfy.*’ Several
theoretical and experimental studies have beempeed in the past to unravel the mechanistic
details in the [4+2] cycloaddition 0f0, with cyclic or acyclic 1,3-dienes, and aromatic or
heteroaromatic compound&?? Overall, there are two general mechanistic patiswhgt have
been proposed for this reaction, which, in paréicuihclude a concerted and a stepwise pathway.
In the first pathway, the formation of the [4+2]ctyadduct proceeds in a concerted fashian
either a symmetrical (Scheme 1, pathway A) or asymmmetrical (Scheme 1, pathway B)
transition staté” 2% On the other hand, the second pathway proceedsstapwise fashion, that
involves the intervention of a peroxirane (peregexiScheme 1, pathway &)a zwitterionic
(Scheme 1, pathway D) or a biradical (Scheme hvwet E) intermediaté 2%t has been
further proposed that the reversible formation fexciplex (Scheme 1, pathway F) precedes
product formatiort®3°***Typically, the mechanism of the [4+2] cycloadditiof ‘O, with
unsaturated substrates does not follow a generdnse and is highly sensitive to both the
substrate structure and the reaction conditions.eikample, 1,3-dienes in which the 2,3-single
bond is not flexible, the [4+2] cycloaddition willd, is stereoselective, while 1,3-dienes that
bear a flexible 2,3-single bond may react with via a biradical or dipolar intermediate which,
in turn, may collapse to products or revert to thiéial dienes with concomitantis-trans
isomerisnt’ Foote and O’Shea have previously reported thepimgpof such intermediates,
particularly zwitterionic intermediates, in the RJ+cycloaddition of‘O, with simple dienesi.e.
2,4-hexadienes) in MeO#. Nevertheless, despite the large number of relabedhanistic
studies, the trapping of such biradical or dipakermediates has not been observed in nonpolar
solvents.
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Scheme 1. Possible transition states or reaction intermediaproposed for the [4+2]
cycloaddition of‘O, with cyclic or acyclic 1,3-dienes.

The present study was undertaken with the goalpravide insight into the [4+2]

cycloaddition reaction mechanism @, with acyclic 1,3-dienes and, in particular, toersain
precisely the possible involvement of an open hao@dlipolar intermediate. For this purpose,
we used highly informative substrates, 1,3-dienesK)/(2)-1 and E,E)/(Z,E)-2, which bear the
gemdiphenylcyclopropyl group as a hypersensitive naagstic probe (Scheme 2a). Substituted
cyclopropyl groups have been used as traps forratidical intermediate®¥ > since they
involve the rapid ring opening of the cyclopropylwayl radical to the corresponding homo-
allylcarbinyl radical®® For example, Newcomb and co-workers reportedgbatdiphenylcyclo-
propylcarbinyl radicaB rearranges rapidly to the corresponding homoahdimyl radical4 with
experimental rate constant of 5 x'16" at 25°C (Scheme 2b} This probe is often used as a
radical clockto quantify a radical lifetim& The synthesis off)/(2)-1 and E,E)/(Z,E)-2 was
described in a previous wotk As compared toH)/(Z)-1, the less-substituted dierg, E)/(Z,E)-
2 bears one alkyl substituent on each double borttbnaC(1) and C(4), correspondingly, thus
rendering both double bonds almost electronicallyivalent and therefore equally competitive
for the 'O, addition. In the case of an open biradical/dipadiatermediate, a secondary
radical/carbocation in both C(1) and C(4) carborsyrbe formed, thus leading to products
derived from both sides of the diene moiety.
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Scheme 2.(a) Structures ofgemdiphenylcyclopropyl-substituted 1,3-dieneB)/(Z)-1 and
(E,E)I(Z,E)-2,*® showing the numbering system adopted in the pteserk for identifying their
relevant vinyl-C-atoms discussed in the text. (BaRangement of thgemdiphenylcyclo-
propylcarbinyl radical3 to the corresponding homoallylcarbinyl radigal The gemdiphenyl-
cyclopropylcarbinyl radical clock is highlighted lotue.

Results and Discussion

Endoperoxides are usually highly reactive compoumndsich prompted us to perform the
photooxygenation of B)/(2)-1 and €,E)/(Z,E)-2 under mild conditions of relatively low
temperaturesi.e. —78, —40 and OC) in oxygen-saturated C£ICH,Cl,, CH,CN, or MeOH.
Previous studies have shown that the use of, @the reaction solvent favors the formation of
the [4+2] cycloaddition product over the producesided from otherO, reaction modesi.e.
‘ene’ reaction or [2+2] cycloadditiof=*® Surprisingly, in the present case, the only produc
isolated upon reaction oE)/(2)-1 or (E,E)/(Z,E)-2 with 'O, followed by purification on column
chromatography (Si©or neutral A}JO3) was benzophenoné)( regardless of the solvent used.
Worthy of note was thatE)-1 and §,E)-2 isomers reacted faster tha#)-L and €.F)-2,
respectively, which was attributed to the abilify(8)-1 and E,E)-2 to more easily adopt the s-
cis conformatiorfor the [4+2] cycloaddition ofO,.

Scheme 3 outlines the possible reaction pathways far the 'O, photooxygenation of
(B)/(2)-1 and E.E)/(Z,E)-2; pathways 1 and 4 should ke priori favored by resonance
stabilization of the initially formed biradical awitterionic species. In pathways 1 and'3; is
added to C(1) or C(3), respectively, to affdite corresponding open, biradical or dipolar
intermediates. These intermediates should ringectosendoperoxidé or dioxetane¥ and 8§,
which are often known to be thermally labile compds, and should rapidly degrade into
aldehyde® and10, and other secondary oxygenated products. In #asifashion, whertO, is
added to C(2) or C(4) (Scheme 3, pathways 2 améspectively), the initially formed, open
biradical or dipolar intermediates should initiatBarrange to intermediat&4 and12, which, in
turn, should quickly degrade to benzophenone am@robxygenated products. Singem
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diphenylcyclopropyl-substituted aldehyd@sand 10 and further oxygenation or degradation
products thereof were not detected upon photooxatgem of €)/(2)-1 and E.E)/(Z,E)-2,
mechanistic pathways 1 and 3 were excluded. Thectleh of benzophenon&)( the formation

of which is attributed to decomposition of theiiity formed ring-opened (rearranged) products,
clearly supports the presence of an open biradicadlipolar intermediate during the [4+2]
cycloaddition of‘O, with (E)/(2)-1 and §,E)/(Z,E)-2 (Scheme 3, pathways 2 and 4).
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Scheme 3Possible mechanistic pathways for the [4+2] cyditigon of ‘O, with gemdiphenyl-
cyclopropyl-substituted 1,3-diene&)((2)-1 and E,E)/(Z,E)-2.** The numbering of vinyl-C-
atoms follows the numbering system introduced ine8te 2aMB = methylene blue; RB = rose
bengal; TPP = tetraphenylporphyrin.

Our next goal was to trap the initially formed epdroxides depicted in Scheme 3, by
exploiting the capability of some chemical agemg( PPh, EtN, and thiourea) to transform
endoperoxides into stable, isolable derivatiVesor example, the reaction of RPhith
endoperoxides affords stable epoxy olefif® In the present case, the photooxygenation of
(E)/(2)-1 in CH.Cl, at —40°C followed by addition of PRH(1.1 equiv) afforded a product which
was too unstable to be isolated and structurallgratterized. We further performed the
photooxygenation off)/(2)-1 in CCl, at 0°C in the presence of catalytic amount ofNEtwhich
was expected to facilitate the rearrangement okrimédiate endoperoxides into the
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correspondingy-hydroxyenonesvia the Kornblum DelLaMare rearrangemé&htHowever, the
only isolated product obtained from this reacticasvagain benzophenor.(In a final attempt

to trap any involved endoperoxide intermediate,pegormed the photooxygenation of dienes
(E)/(2)-1 and E,E)/(Z,E)-2, in MeOH at 0°C, in the presence of a mild reducing agent such as
thiourea (1.1 equiv), and methylene bliMB) as photosensitizer; endoperoxides can be reduced
by thiourea to give 2-ene-1,4-didfsIn contrast to our initial expectations, the plwtggenation

of (BE)/(2)-1 and E,E)/(Z,E)-2 afforded £)-13 and E,E)-14, respectively, as major products
(Scheme 4§° Control experiments in the absence of either tiiawr MB showed that both
components were essential for this reaction to fdee. The structure of)-13 and E,E)-14

was elucidated by NMR spectroscopic studies, inolyitH, **C, COSY, DEPT 135, HMQC and
HMBC experiments (see Supporting Information). Tiakie of the coupling constants between
the vicinal vinylic protons®0.y 15.0 Hz; Scheme 4) across the C=C bond€)pf.8 and €,E)-

14 is consistent with &rans configuration about their double bonds. In thescas(E,E)-14, this
assignment was further corroborated by NOE (Schémeee also Figure S9 in Supporting
Information) and'H NMR decoupling experiments. Scheme 4 depicts #i€0>C chemical
shifts (6, ppm) of E,E)-14. Product £)-13 showed similar spectroscopic data to thatFf)Y-14

(see Experimental Section and Supporting Infornmatio

Ph — R hV, 02, MB
V/—TH:{ " 5
Ph' (NH3)2CS, MeOH minor product
(<10%)
(E)(2)-1 (R = CH,) (E)-13 (R=CHjy)
(EE)(ZE)-2 (R = H) (E.E)-14 (R = H)
major product (>70%)
o NOE: - 13C Chemical Shifts (&, ppm): |
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Scheme 4Reaction of E)/(2)-1 and E,E)/(Z,E)-2 with O, under photoinduced electron transfer
conditions, in the presence of MB and thioureaMeOH** The inset shows the key NOE
correlations in product®E)-14 (CDCls, 25°C, 500 MHz), and its°C chemical shifts ppm;
CDCl;, 25°C, 500 MHz). The inset also shows the general nuimipesystem adopted in the
present work for identifying the relevant C andtdnas of E)-13 and €,FE)-14 (see also Figure
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1; these numbers do not refer to the numberingesysised in the systematic naming of the
molecules)MB = methylene blue.

Additional evidence for the proposed structuregA)$13 and E,E)-14 was obtained from
the correlation between the DFT-calculatégds reported in ppm) and experimentakyfs
reported in ppm§H and**C NMR chemical shifts (Table 1). NMR calculationsre carried out
at the B3LYP/6-311+G(2d,p)//M06-2X/6-31+G(d,p) lewd# theory using the gauge-including
atomic orbital (GIAO) method in chloroform (usiniget IEFPCM solvation modely. A typical
procedure included the identification of low-enempnformational isomers of}-13 and € ,E)-

14 (Figure 1; see also Figures S12-S13 in Suppohtifggmation), followed by calculations of
free energies and NMR shielding tensoes 0 ppm) for each structure resulting from the
conformational search. The computed set of isotropagnetic shielding tensor valuess, in
ppm) for each nucleus in all conformers were scalef@renced, and averaged (using the mole
fraction of each conformation), to generate a $&atzmann-weighted average chemical shifts
(Gacs in ppm; Table 15> The mean absolute errors (MAES) between the exgetal and
computed chemical shifts associated with tHeand **C nuclei of the structures)-13 and
(E,E)-14 are given in the last row of Table 1. A perusaltlo§ data clearly indicates a good
agreement between the experimental and the comfidtaedd**C chemical shifts dexpt VS Scalcd),
which further supports the assigned structures Bf18 and ¢,E)-14. Full details on the
computational methods, as well as the optimizedrgoes and energies of all four conformers
of (E)-13and €,E)-14 are provided in the Experimental Section and tingp8rting Information,
respectively. It should be noted that only one &parer, the one havingS|-configuration at
C(3), was considered in our computational NMR stadi

i,

(E)-13 (E,E)-14

Figure 1. Structures of the lowest energy, and hence thea mgkly populated, conformers of
(E)-13 (left) and €,E)-14 (right) optimized at the M06-2X/6-31+G(d,p)/IEFPQdloroform)
level of theory, showing the numbering system agldph the present work for identifying the
relevant C and H atoms (these numbers do not teféhe numbering system used in the
systematic naming of the molecules). Color codatevh H; gray = C; red = O. The structures,
energies, and Boltzmann populations of all fourfoomers considered in our GIAO NMR
calculations are provided in the Supporting Infotiora
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Table 1. Calculated deacs in ppm; B3LYP/6-311+G(2d,p)//M06-2X/6-31+G(d,p)and
experimental dexps in ppm) 'H and °C chemical shift values ofE}-13 and §,E)-14 in
chloroform

(E)-13 (E,E)-14
Ato ma 5exp1b 5calccc Ato ma 5exp1d 5calcce Atoma 5exp1b 5calccc Atoma 5expwb 5calcce
C(1) 910 897 C(l) 91.0 89.p
C(2) 540 51.8| H(@2) 344319 C(2) 539 51.6 H@2) 345 3.14
H(2) 3.09 2.87 H(2) 3.07 2.89

C(3) 833 81.0| H(3) 4.88431 C(3) 830 810 H@B) 484 422
C(4) 1256 1264 H(4) 5.43558 C(4) 126.0126.8| H(4) 545 558
C(5) 1320 128.8 H(5) 6.456.50 C(5) 1355133.6| H(5) 6.21 6.12
C(6) 1241 1219 H(6) 5.795.88 C(6) 130.4129.1| H(6) 6.01 6.17
C(7) 1382 1413 C(7) 132.a33.4| H(7) 573 5.84
C(8) 262 250 H@B) 176179 C(8) 183 180 H@B 174 1.79
C(9) 185 16.6| H(9) 1.721.76

MAE '=2.02 MAE™=0.17 MAE'=1.42 MAE'=0.21

2 All atoms are numbered according to the numbesiystem introduced in Figure 1.NMR
spectra were recorded on a 500 MHz spectrometeZDiGk at 25°C. © Chemical shifts were
derived from application of scaling factors (slope-1.0522, intercept = 181.24%2Yo0 the'®C
NMR shielding tensors computed at the B3LYP/6-3130)//M06-2X/6-31+G(d,p) level of
theory, followed by Boltzmann averaging over allif@eonformers at 298 K (further details are
provided in the Experimental Sectiorf).'H NMR spectrum was recorded on a 300 MHz
spectrometer, in CDglat 25°C. ¢ Chemical shifts were derived from application oflgg
factors (slope = —1.0767, intercept = 31.9471) the'H NMR shielding tensors computed at
the B3LYP/6-311+G(2d,p)//M06-2X/6-31+G(d,p) levef theory, followed by Boltzmann
averaging over all four conformers at 298 K (furthetails are provided in the Experimental
Section).! MAE is defined as the sum of the absolute errﬁrké(a|cd— 5expt|) divided by the
total numberr) of chemical shifts values included in the comgam; MAE= | 5ca|cd—5expt| n.

It is known that the radical-mediated addition ofolecular oxygen to substituted
vinylcyclopropanes affords the corresponding 1@«dianes? and that the co-sensitized photo-
oxygenation of 1,1-diphenyl-2-vinylcyclopropane tine presence of 9,10-dicyanoanthracene
(DCA) and biphenyl (BP), affords the corresponding-dioxolane as a major produga an
electron transfer (ET) mechaniShOn the other hand, the formation of 1,2-dioxolaimethe
presence of thiourea arMB has not been reported, thoulytB is known to reactia an ET
mechanism owia a Type | mechanisnf.Hence, based on the above, we presume that such an
ET mechanism is also operating in the present capecifically, the mechanism should be
initiated by excitation of the photosensitizer t®singlet excited statéMB’), which decaysia
intersystem crossing (ISC) to its triplet excitéats (MB"), followed by ET from thiourea (T) to
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3MB’, thus forming the corresponding geminate radical pair (Scheme 5). The incipient
radical anionMB™ reacts with molecular oxygen to form superoxidgiaal anion (@), while
the geminal radical cation {J oxidizes thegemdiphenylcyclopropyl-substituted diene. The
incipient radical cation of this diene undergoefadle ring opening of the cyclopropane ring
before combining with @ to afford, after ring closure, the correspondinrdioxolanes.

T

v MB" ——= MB T+ T

ISC
—

MB "™MB®

MB™ +0, — MB+0,

Ph _R

hwﬂ Ph\w

(E)/(2)-1 (R = CHy) - :
(EE)/(Z E)2(R H) l

(E)-13 (R = CH3)
(E,E)-14 (R = H)

Scheme 5Proposed reaction mechanism for the photooxygemati €)/(2)-1 and E,E)/(Z,E)-
2 via photochemical co-sensitized BTET = electron transfer, ISC = intersystem crossmb
= methylene blu€l = thiourea.

Conclusions

gemDiphenylcyclopropyl-substituted 1,3-diene&)/(2)-1 and €.E)/(Z,E)-2 were used as
mechanistic probes for the investigation of the¥aycloaddition of'O,, in solvents of varying
polarity and proton donating ability (C£ICH,Cl,, CHsCN, and MeOH). In all cases,
benzophenone, a decomposition product of the pespesdoperoxide intermediald or 12,
was identified as the major product, whereas addihnet bear an intact cyclopropyl ring were
not detected. These results provide strong evidécthe involvement of an open biradical or
dipolar intermediate with a lifetime greater tharmp&ec. Attempts to further trap any endo-
peroxide intermediate involved in the reaction natsm, revealed another interesting mode of
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reactivity of these dienic substrates, whereinameesponding 1,2-dioxolane derivativéy-(3
and E.F)-14 were producediia a co-sensitized ET mechanism, in the presence Bfavd
thiourea. The structures oF)13 and E,E)-14 were supported by both experimental and
theoretical NMR investigations. Further studieseiplore this transformation are currently in
progress in our laboratory.

Experimental Section

General. Reagents and solvents were purchased in reagete guality from Fluka, Merck, and
Sigma-Aldrich and used without further purificationhe chromatographic separations were
carried out either on SYO60 (particle size 0.040-0.063 mm, 230—400 mesdlicySle) or on
Al,03 (Alumina N, Act. Ill; EcoChrom). Flash column clmatography (FC) was carried out by
applying an overpressure of 0.1-0.6 bar. Thin-layr@omatography (TLC) was conducted on
SiOy-layered aluminium plates (6Gd4z Merck); visualization with a UV lamp (254 or 366n)
and/or by staining with KMngsolution (0.5% in Iv aqueous NaOH solution). Evaporation
vacuowas performed at 45-60C and 900—-10 mbar. Drying was performiadvacuoat 102
Torr. *H and**C NMR spectra were recorded at 500 or 300 and £ 2% d/Hz, respectively on

a BRUKER AMX-500 or MSL-300 instrument. Chemicalifsh (o) are reported in ppm
downfield from tetramethylsilane using the residdeluterated solvent signals as an internal
reference (CDGl & = 7.26 ppmgc = 77.16 ppm). FofH NMR, coupling constant$are given

in Hz and the resonance multiplicity is describexd sa(singlet), d (doublet), t (triplet), m
(multiplet), and br(broad). All spectra were recorded at 25 °C. Thand C atom numbering is
defined in the structures shown in Figure 1. Irdda(IR) spectra were recorded on a Perkin-
Elmer 1600 FT-IR spectrometer (ATR, Golden Gate) are reported as wavenumbergcni ™)
with band intensities indicated as vs (very strosgjstrong), m (medium), and w (weak). Mass
spectra were recorded on a Shimadzu GCMS-QP5050Arajus equipped with a 50 m HP-5
capillary column and a 5971A MS detector. High-legon (HR) EI-MS spectra were measured
on a Waters Micromass AutoSpec-Ultima spectrometed HR-FT-ICR-MALDI-MS spectra
were measured on a Varian lonSpec Fourier Trans{&f ICR instrument with ([(£)-3-[4-
(tert-butyl)phenyl]-2-methylprop-2-enylidene]malononi#)i (DCTB) as matrix. Nomenclature
follows the suggestions proposed by ACD/Labs’ nodtegare software ACD/Name. The atoms
were labelled arbitrarily, if necessary.

gemDiphenylcyclopropyl-substituted 1,3-dienes 1,1°}(2E/17)-4-methyl-1,3-pentadien-1-yl]-
1,1-cyclopropanediyl}dibenzene HY/(2)-1; E/Z = 30/70] and 1,1'-{2-[(E,3E/1Z,3E)-1,3-
pentadien-1-yl]-1,1-cyclopropanediyl}dibenzeneE,K)/(Z,E)-2; (E,E)/((ZE) = 35/65] were
prepared according to our previously reported mhooe®® Both compounds represent mixtures
of stereoisomers, which were used without furtlegsatiori®
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Photooxygenations of E)/(Z)-1 and (E,E)/(Z,E)-2. General procedure.A solution of diene
(10-15 mg) in CCl (15-20 mL) containing a catalytic amount aesetertaphenylporphyrin
(TPP) as sensitizer (10v) was bubbled gently with oxygen and irradiatechveit300 W Xenon
lamp for 30 min at OC. Similar procedure was followed when &H (at —78, —40 or 6C,
using TPP as sensitizer), @EN (at —40 or C, using RB as sensitizer) or MeOH (at —78, —40
or 0°C, using MB as sensitizer) was used as solventn@wo the small solubility of dienes
(B)/(2)-1 and (E,E)/(Z,E)-2 in MeOH, a trace amount of GBI, was added to the reaction
mixture. All reactions were monitored By NMR. The irradiation time was varied from 30 min
to 1 h. The reaction mixture was concentrated vacuo Purification by FC (SiQ
hexanes/EtOAc, 9:1, viv, with 1%48l) afforded benzophenonB)(as a colorless solid (45%). It
should be noted that when GQVas used as a solvent, a small amount of an utifieenside
product was detected (<5%). The identityboias confirmed by comparison with a commercial
sample.R: = 0.29 (SiQ; hexanes/EtOAc 9:1); mp 49 °C; IR (neal):= 3287 (w), 3087 (w),
3055 (w), 3002 (w), 1981 (w), 1648 (s), 1628 (nH92 (m), 1574 (m), 1560 (m), 1508 (w),
1499 (w), 1447 (m), 1318 (m), 1275 (s), 1175 (w6Q (w), 1150 (w), 1076 (w), 1028 (w), 999
(w), 971 (w), 944 (m), 936 (m), 917 (m), 865 (w}28(m), 764 (m), 720 (w), 700 (s), 691 (vs),
636 (s) cr’; *H NMR (CDCl, 500 MHz, 25°C): 6y 7.49 (4H, br. t334 7.7 Hz), 7.59 (2H, m),
7.81 (4H, d,°3y 7.2 Hz) ppm;**C NMR (CDCE, 75 MHz, 25°C): dc 128.4, 130.1, 132.5,
137.7, 196.8 ppm; MS1/z (%): 182 (41), 105 (100), 77 (62), 51 (25).

Photooxygenations of E)/(Z2)-1 and (E,E)/(Z,E)-2 in the presence of PPh A solution of
(BE)/(2)-1 (10 mg, 0.04 mmol) in C¥Cl, (10 mL) containing a catalytic amount ®PP as
sensitizer (10' M) was bubbled gently with oxygen and irradiatechveit300 W Xenon lamp for
1 h at —40°C. After warming at ambient temperature, PPI2 mg, 0.04 mmol) was added and
the reaction mixture was stirred for 1 h. Subsetjyethe solution was concentratedvacuoto
afford a product that was too unstable to be pdiind structurally characterized.
Photooxygenations of E)/(Z)-1 and(E,E)/(Z,E)-2 in the presence of ENN. A solution of diene
(20 mg, 0.04 mmol) and &4 (0.01 mmol, 1uL) in CCl, (10 mL) containing a catalytic amount
of TPP as sensitizer (1Dm) was bubbled gently with oxygen and irradiatedhwat 300 W
Xenon lamp for 30 min at . After warming at ambient temperature, the reacthixture was
concentratedn vacuo Purification by FC (Si@ hexanes/EtOAc, 9:1, v/v, with 1% 3Kl
afforded5 as a colorless solid.

Photooxygenations of E)/(Z)-1 and (E,E)/(Z,E)-2 in the presence ofNH,).CS. A solution of
(B)/(2)-1 (10 mg, 0.04 mmol) andNH,).CS (3 mg, 0.04 mmol) in MeOH (15 mL) containing a
catalytic amount of MB as sensitizer (1) was bubbled gently with oxygen and irradiated
with a 300 W Xenon lamp for 1 h at’G. Note that due to the small solubility of dief®/(2)-1

in MeOH, a trace amount of GHI, was added to the reaction mixture. After warmitg a
ambient temperature, the reaction mixture was auragedin vacuo Purification by FC (Si@
hexanes/EtOAc, 9:1, v/v) afforded 1,2-dioxolaig-1{3 (8 mg, 72%) as a pale yellow solid.
Photooxygenation offE)/(Z,E)-2 was performed in a similar manner affording 1,@xdiane
(E,E)-14 (8 mg, 74%) as a pale yellow solid.
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5-[(1E)-4-Methyl-1,3-pentadien-1-yl]-3,3-diphenyl-1,2-digolane [[E)-13]: Rr = 0.34 (SiGQ;
hexanes/EtOAc 9:1); mp >8C (decomp); IR (neat) = 3054 (w), 3018 (w), 2927 (m), 2854
(W), 1720 (w), 1691 (w), 1659 (m), 1598 (w), 1498)(1447 (s), 1377 (W), 1317 (W), 1277 (w),
1178 (w), 1151 (w), 1075 (s), 1028 (s), 971 (m)] g4), 918 (m), 809 (w), 750 (s), 697 (M),
638 (m) cm™; 'H NMR (CDCk, 500 MHz, 25°C): 64 1.72 (s, 3 H; 3 H-9), 1.76 (s, 3 H; 3 H-8),
3.09 (dd 23y 7.0, 12.2 Hz, 1 H; H-2'), 3.44 (ddJuy 7.0, 12.2 Hz; 1 H; H-2), 4.88 (m, 1 H; H-
3), 5.43 (dd3Jun 8.4, 15.0 Hz, 1 H; H-4), 5.79 (8kn 11.0 Hz, 1 H; H-6), 6.45 (ddJwn 11.0,
15.0 Hz, 1 H; H-5), 7.24-7.46 (m; 10 H; arom. HmpP°C NMR (CDCE, 75 MHz, 25°C): d¢
18.5 (C-9), 26.2 (C-8), 54.0 (C-2), 83.3 (C-3),0(C-1), 124.1 (C-6), 125.6 (C-4), 126.5, 126.7,
127.7, 128.4, 128.5, 130.2, 132.0 (C-5), 138.2 JC142.8, 143.0 ppm; HR-EI-MSn/z (%):
182.0722 (56, [PIC=OT', calcd for GaH100": 182.0726), 105.0339 (100, [PhCZOtalcd for
C;Hs0O": 105.0335), 77.0388 (36,685", calcd for GHs": 77.0386); HR-MALDI-MS (DCTB):
m'z (%): 306.1488 (23", calcd for GiH2,0,": 306.1620), 305.1455 (10M[- HJ", calcd for
C21H2102+Z 3051536)

5-[(1E,3E)-1,3-Pentadien-1-yl]-3,3-diphenyl-1,2-dioxolane H,E)-14]: R = 0.31 (SiQ;
hexanes/EtOAc 9:1); mp >8C (decomp); IR (neat) = 3054 (w), 3018 (w), 2968 (m), 2927
(W), 1718 (w), 1689 (w), 1657 (m), 1598 (w), 15¥),(1492 (m), 1447 (s), 1369 (w), 1318 (w),
1277 (m), 1174 (w), 1155 (w), 1060 (w), 1027 (n)P1 (m), 971 (m), 941 (w), 918 (m), 856
(W), 804 (w), 749 (s), 696 (m), 663 (w), 638 (m)EmtH NMR (CDCk, 500 MHz, 25°C): dy
1.74 (d,%34n 6.5 Hz, 3 H; 3 H-8), 3.07 (ddJun 7.0, 12.0 Hz, 1 H; H-2"), 3.45 (dd, 1Ry 7.0,
12.0 Hz, 1 H; H-2), 4.84 (m, 1 H; H-3), 5.45 (dd, 10.0, 15.0 Hz, 1 H; H-4), 5.73 (m, 1 H; H-
7), 6.01 (dd?Juy 12.0, 15.0 Hz, 1 H; H-6), 6.21 (dilly 10.0, 15.0 Hz, 1 H; H-5), 7.26-7.45
(m, 10 H; arom. H) ppm-*C NMR (CDCk, 125 MHz, 25°C): é¢ 18.3 (C-8), 53.9 (C-2), 83.0
(C-3), 91.0 (C-1), 126.0 (C-4), 126.5, 126.7, 1271.28.50, 128.51, 130.4 (C-6), 132.0 (C-7),
135.5 (C-5), 142.7, 142.9 ppm; HR-EI-MBVz (%): 292.0942 (1M", calcd. for GoH20O:":
292.1463), 182.0727 (51, [R&=OT', calcd for GsH100": 182.0726), 105.0337 (100, [PhCZQ]
calcd for GHsO™: 105.0335), 77.0390 (30,685, calcd for GHs™: 77.0386).

Computational methods.The minimum energy conformations for each compday13 and
(E,E)-14] were identified using a Molecular Mechanics canfational search with the MMFF
force field as implemented in Spartan 08 softwarekpge’” using a starting geometry witl)(
absolute configuration on the C-3 stereocenterufieid). A set of four low-energy conformers
with relative energies within a 10 kJ mblwindow were identified for each of the two
1,2-dioxolanes [)-13 and E,E)-14]. The energies and optimal geometries of all conérs
were then determined at a higher level of theosingithe M06-2X density functional with the
6-31+G(d,p) basis set, and implicit solvation in TE(IEFPCM; integral equation formalism
variant of the polarizable continuum model), aslangented in Gaussian 09 software package
(Revision A.02)° Solute cavities were constructed using defaultegratom radii (UAO). A
pruned (99,590) integration grid (99 radial sheltsl 590 angular points per shelllttafine”
grid in Gaussian 09) and very tight geometrical vavgence criteria were employed. All
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optimized structures were verified as ground-staitgma by performing frequency calculations
at the same level of theory (no imaginary frequemavere found), the data from which were
also used to compute their Boltzmann distributib238 K. The first most stable conformers of
(F)-13 and €,E)-14, accounting for overall 82.3% and 90.0% populatrespectively, at 298 K,
are shown in Figure 1, while all four low-energyntarmers of each compound are shown in
Figures S12-S13 in the Supporting Information. éptimized structures were then used for
NMR calculations. NMR shielding tensorss, (in ppm) were computed with the gauge-
independent atomic orbitals (GIAO) method at theLBB/6-311+G(2d,p) level of theory,
including chloroform solvation effects (using tHeFPCM solvation model), while employing
solute cavities built from Bondi radii as implemeatin Gaussian 09. A pruned (99,590)
integration grid was employed. The computed isatropagnetic shielding tensorsid,, in ppm)
for each nucleus in all conformers was convertegeterenced and empirically scaled chemical
shifts (scaea IN ppm) by applying scaling and referencing fegtdslope and intercept,
respectively) according to the equatiaRsaed = (oiso — intercept) / slope, wherécaeqis the
referenced/scaled chemical shift (in ppm), ang is the isotropic computed NMR shielding
tensor (in ppm). The slope and intercept valuestgpeally obtained by linear regression
analysis of a plot of the calculated isotropic nmetgn shielding tensorsofs,) against the
corresponding experimental chemical shitisd). In the present study, we used generic-scaling
factors obtained from large datasets.[obtained from linear regression analysis of a plot
calculated isotropic magnetic shielding tenseafig) against experimental chemical shiftgxgy)

of a large series of compounds]; these scalingeeteng factors are specific of the level of
theory used. For the level of theory used hereBLBP/6-311+G(2d,p)//M06-2X/6-31+G(d,p)]
the following values have been calculated by Wiloby et al,>: for *H: intercept = 31.9477,
slope = —1.0767; fot°C: intercept = 181.2412, slope = —1.0522. The famtulated chemical
shift values @aics in ppm; Table 1) were determined by Boltzmannrageg the scaled
chemical shift valuesdcaeqa In ppm), based on the calculated Gibbs free gneatues of each
conformer. Specifically, by using the free energyad(kcal mof*) obtained from the frequency
calculations, a Boltzmann weighting factof f&", whereE is the relative energy (kcal md)
with respect to the most stable conforniers the temperature (in K), amlis the gas constant
(0.001986 kcal mot K™)] was determined for each conformer at 298 K, whigs, in turn,
converted into the relative mole fraction by diwvigithe calculated Boltzmann factor of each
conformer by the sum of all the Boltzmann factdralbcontributing conformers. The resulting
weighting factors (mole fraction contributions) weapplied to the scaled chemical shift values
(Oscalea In ppm) for each nucleus of each individual comfer. Summation of the weighted
chemical shifts across all conformers generatedinlaé Boltzmann-weighted average chemical
shifts (Gcaice In ppM) used to compare against experimental @&ig in ppm; Table 1). The
computed'H chemical shifts of each methyl group were aritticadly averaged due to their
conformational freedom.¢. free rotation at 298 K), while the calculated cieahshifts of the H
and C atoms of the two phenyl rings were not inetbdn the comparison, since the
corresponding experimental chemical shifts coultl b unambiguously assigned (however, it
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should be noted that comparison of all chemicaftsidata —including tentatively assigned
experimental chemical shifts for the phenyl H andt@ms— was again in very good agreement
with the calculated values).

Supplementary Material

Copies of NMR spectra off-13 (*H NMR, **C NMR, COSY, HMQC) andA,E)-14 ("H NMR,
3C NMR, DEPT 135, COSY, NOE, HMBC, HMQC); optimizegeometries (in Cartesian
coordinates), total energies, relative free ensrgiad Boltzmann populations of all contributing
conformers of£)-13 and E,E)-14.
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