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ABSTRACT: The unique structure of furanocembranoid natural product providencin has stimulated biosynthetic hypotheses, espe-
cially concerning the formation of its cyclobutanol ring. One such hypothesis involves a photochemically-induced Norrish-Yang cyclisa-
tion in bipinnatin E. We have used computation to assess the feasibility and the stereochemical outcome of this proposed biosynthetic 
transformation. Density functional theory calculations reveal that the proposed Norrish-Yang cyclisation in bipinnatin E is possible, 
and that the stereoselectivity of this step is consistent with that of the natural product. 

Isolated from Caribbean sea plume Pseudopterogorgiakallos, provi-
dencin 1 belongs to the family of furanocembranoid natural 
products, which contain a 14-membered macrocycle, a 2,3,5-tri-
substituted furan, and a butenolide ring as common features, e.g. 
bipinnatin E (2) and bipinnatin J (3).1 Compared to other 
furanocembranes, the most intriguing part of this diterpenoid is 
the methylene-cyclobutanol fused at the C1 and C2-positions 
(Figure 1). Moreover, the trans arrangement of the ∆-7,8 epoxide, 
together with the rigid angle between C2 and C7 appendages 
around the furan ring, make the macrocycle highly strained. The 
relative configuration was determined by X-ray crystallography; 
however the absolute configuration is still unknown.1 Provi-
dencin exhibits modest activity against human breast, lung and 
CNS cancer cell lines. The biological profile and structural com-
plexity of this marine diterpenoid have inspired several synthetic 
approaches towards the construction of the macrocycle ring as 
well as the furanyl-cyclobutanol moiety.2–6 Nevertheless, the total 
synthesis of providencin has not yet been accomplished. The syn-
thetic challenge lies in its structural features: 1) the highly 
strained 14-membered macrocyclic structure - it has been ob-
served that it is almost impossible to build a Dreiding model 
without breaking any bond;2 2) the highly functionalized cyclo-
butanol moiety, with three contiguous stereo centers in addition 
to the exo-methylene substitution. 

Biosynthetic proposals for the genesis of Providencin from other 
simple furanocembranes, i.e. bipinnatin J and E, which were also 
found in Pseudopterogorgia,7 have been reported.2,6 Pattenden pro-

posed a Norrish-Yang cyclisation8,9 forms the furan methylene cy-
clobutanol moiety in Providencin (Scheme 1a), based on a pho-
tochemically mediated intramolecular C-H insertion reaction 
from the α,β-unsaturated aldehyde in bipinnatin E.6 Although 
the Norrish-Yang cyclisation is rare in natural product biosynthe-
sis10–15, photochemical reactions play an important role in natu-
ral product biosynthesis.16 Many cyclobutanes are thought to 
arise from photochemical reactions.17 Mulzer proposed that the 
cyclobutane ring in providencin arises from a cationic cyclization 
in C-2 dehydroxylated bipinnatin J, followed by C7-C8 E/Z isom-
erization and further oxidation at C17 to generate the C17 hy-
droxyl group in providencin (Scheme 1b).2 
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Pattenden and coworkers performed a synthetic model study of 
the proposed Norrish-Yang cyclisation in bipinnatin E (2).6 Irra-
diation of a solution of α,β-unsaturated aldehyde 6 in benzene 
in a pyrex photoreactor using light from a 400 W medium pres-
sure Hg lamp, with regular monitoring by 1H NMR spectroscopy, 
led to methylenecyclobutanol 8 through the anticipated Norrish-
Yang reaction. The isolated yield was 19%. The conversion of 6 
into 8 demonstrates the plausibility of photochemically-mediated 
cyclobutanol formation as found in the structure of providencin 
1.6 However, the stereochemistry of 8 has a trans-1,2-trans-2,17-
relationship around the cyclobutane ring, in contrast to the trans-
1,2-cis-2,17-relationship in providencin. It was anticipated that 
the conformational bias imposed by the macrocyclic ring of the-
furanocembrane precursor, such as bipinnatin E, may influence 
diastereoselectivity towards the product, following a photochem-
ical C-H insertion reaction similar to the conversion of 6 to 8.6 
Therefore, further understanding of the nature of this reaction 
in the origin of providencin is necessary. 

Quantum chemical calculations have been widely used to un-
cover new mechanisms,18,19 as well as seeking theoretical support 
to biosynthetic proposals.20–22 For instances, calculations have 
shown the  oxidopyrilium-alkene cycloaddition in the biomi-
metic synthesis of intricarene23,24 is feasible, with activation bar-
riers around 20 kcalmol-1.25 Quantum chemical calculations at 
CASSCF/CASPT2 and DFT/TD-DFT level of theory also ena-
bled the rationalization of complex reaction pathways involving 
multiple excited states in the photo-induced intricarene for-
mation.26 Transannular cycloaddition reactions of furanoxo-
nium ions have been conducted both experimentally27,28 and in-
vestigated computationally with density functional theory (DFT) 
in furanocembrane biosynthesis.29  A recent DFT study of cyclo-
butane formation in Bielschowskysin biosynthesis predicted 
both thermal closure and photocycloaddition are possible, with 
the latter being more efficient.30 Herein we report computational 
studies to assess the feasibility and stereochemistry outcome of 
the aforementioned Norrish-Yang cyclisation in the cyclobutanol 
formation in the biosynthesis of 1. 

 n-π* Photoexcitation and H-abstraction. The aforementioned 
Norrish-Yang reaction is initiated by n-π* excitation of the car-
bonyl group in ketones or aldehydes, i.e. the carbonyl group in 
the α,β-unsaturated aldehydes in bipinnatin E (2) (Scheme 1a). 
The key step is the intramolecular 1, 5-H migration from the γ--
arbon atom (C2 in 4) to the oxygen atom of the carbonyl group 
(Scheme 1a: 245). As a result, a biradical intermediate is 
formed. This biradical species can then either cyclize to the cor-
responding cyclobutanol (Yang cyclization, 51) or undergo 
fragmentation (Norrish type II cleavage). 8,9 

Upon photo-excitation, one electron of the oxygen lone pair is 
promoted to the π* orbital of the C=O bond. The computed ab-
sorption bands for the singlet n-π* excitation, calculated by time-
dependent (TD)-DFT using CAM-b3lyp/6-311+G(d,p)31 with a 
conductor-like polarizable continuum model (CPCM) of water, 
is 92.7 kcalmol-1, this corresponds to wavelength of 310 nm (Fig-
ure 2). The vertical excitation energy is comparable to similar 
photo-excitations (98.1 kcalmol-1) reported in literature,32 and 
the calculated irradiation wavelength is in the range of experi-
ment reported wavelength for aldehyde or ketone n-π* excitation. 
For example, it is reported that aliphatic aldehydes exhibit a weak 
absorption band in the wavelength range 240-360 nm as a result 
of a symmetry forbidden n-π* transition.33 The R-band of acro-
lein is with low density and located in the range of 300-340 nm 
range. 34 

  

All other calculations were performed within the framework of 
Density Functional Theory (DFT).31 Unrestricted Kohn-Sham 
calculations were used to describe all open-shell species without 
symmetry constraints. Optimizations were carried out at the （U）
B3LYP/6-31G(d) level of theory and single point energies were 
further estimated using a valence triple-ζ polarized 6-311+G(d,p) 
basis set, including a conductor-like polarizable continuum 
model (CPCM) of water. And the (U)MPWB1K and (U)B3LYP 
functionals were used, in the latter case with an atom-pairwise 
empirical correction for dispersion (DFT-D3). Intersystem cross-
ing (ISC) from 1n-π* to 3n-π* ISC is followed by conformational 
relaxation to the stable excited state 3Int_1. The followed hydro-
gen abstraction from C2 may occur in an anti or syn fashion as 
there are two diastereotopic hydrogens on C2. This process is 
controlled by transition structure 3TS-1 (for anti-hydrogen ab-
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straction) and 3TS_2 (for syn hydrogen abstraction) with free en-
ergies 3.9 and 10.0 kcalmol-1 above 3Int_1 respectively. In the 
two H-abstraction TSs the distance between oxygen atom and the 
hydrogen atom is 1.41Å and 1.38Å respectively, and the distance 
between carbon atom and hydrogen atom is 1.22Å and 1.25Å. 
The resulting biradical intermediate 3Int_4 and 3Int_5 lie 26.7 
and 20.2 kcalmol-1 lower in free energy compare to 3Int_1, and 
both of their singlet states 1Int_6 and 1Int_7 are calculated with 
very similar energies within 0.5 and 0.7 kcalmol-1, respectively, 
indicating very little interaction between the two unpaired elec-
trons. The biradicals 3Int_4 and 3Int_5 , together with 1Int_6 
and 1Int_7 are planar about each radical center. 

1Int_6 and 1Int_7 (or 1Int_9, they differ in the different orienta-
tion of C17 hydroxyl group, Figures 3 and 4) are different in 
that, in 1Int_6, the C1-C15 bond is rotated to a position where 
the hydroxyl group can form a hydrogen bond with the C20 car-
bonyl oxygen of the epoxybutenolide (rO…H = 1.99), whereas, in 
1Int_7, C1-C15 bond is rotated to a position where the same hy-

droxyl group is pointing away from the epoxybutenolide. Moreo-
ver, the presence of the very rigid 14-membered ring system with 
a trans ∆-7,8 epoxide may also play a role in the energy difference 
between 1Int_6 and 1Int_7 . As a result, 1Int_7 has a higher en-
ergy by 6.7 kcalmol-1. Due to the steric hindrance in the region 
and the intramolecular bonding in Int_6, we expect C1-C15 ro-
tation for the interconversion between Int_6 and Int_7 is un-
likely to happen without any significant barrier at room temper-
ature. Therefore, due to the energy difference in 3TS_1 and 
3TS_2, i.e. ∆∆G≠6.1 kcalmol-1, 1Int_6 is a highly populated in-
termediate. Nevertheless, we set off to study the radical combina-
tion step leading to the formation of the four different diastere-
oisomers with the understanding that rotation in C1-C15 bond 
will lead to precursors for different stereochemistry in C2, hence, 
Int_6 will form providencin 1 after radical combination through 
cyclisation 1TS_4. 1Int_9 is a conformer of 1Int_6 due to C1-C15 
bond rotation, and leads to a C2, C17 diastereoisomer of provi-
dencin (Scheme 3). Rotation of C15-C17 bond in 1Int_6 and 

1Int_9 leads to 1Int_8 and 1Int_10, which form C17 and C2 ep-
imers of providencin, respectively, following radical combina-
tion.  

Radical recombination. We set off to understand the four dif-
ferent radical combination reactions starting from singlet biradi-
cals 1Int_6 and 1Int_7. As shown in Figure 4, 1Int_6 is perfectly 
set for the radial combination to form the desired stereochemis-
try in Providencin 1 trough 1TS_4, the activation Gibbs free en-
ergy was calculated as 14.4 kcalmol-1. Alternatively, C15-C17 

bond rotation in 1Int_6 leads to 1Int_8 (Figure 4), which was 
found to be the precursor of the C17-epimer of providencin, af-
ter overcoming activation free energy  of 7.3 kcalmol-1 (relative 
to 1Int_6) in the radical combination step through 1TS_3.  1Int_9 
(with a free energy of 7.4 kcal mol-1) is found to link with a prod-
uct with an activation free energy barrier of 12.9 kcal mol-1of 
which C2 and C17 centres are opposite to the ones in 1. Mean-
while, 1Int_10 leads to a C2 epimer of 1 after radical combina-
tion. The activation energy of this process is 6.8 kcalmol-1.  

 
Therefore, without considering the barriers in bond rotations in 
C1-C15 and C15-C17 bonds, radical combination leading to 
C17-epimer has the lowest barrier. And this, as mentioned 
above, is indeed the stereochemistry outcome observed in the 
model study carried by Pattenden group. 6 Therefore, based on 
these data, it is expected that the radical combination leading to 
the C17-epimer of providencin has the lowest activation barrier, 
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i.e. 7.3 kcal mol-1 (relative to 1Int_6), hence the C-17 epimer 
would be the favored product.   

At this stage, several questions arise: (a) does the C=C stereo-
chemistry at C7-C8 affect the stereochemical outcome of radical 
recombination? (b) Could it be possible that in nature, the Nor-
rish-Yang cyclisation reaction happens at an earlier stage, prior to 
formation of the epoxides on C7-C8 and C11-C12? (c) Does the 
macrocyclic constraint or the substitution pattern on the furan 
ring affect this reaction? To answer these questions, we investi-
gated the cyclobutene-forming radical ring-closure of four differ-
ent substrates (Figure 5). These substrates differ in the substitu-
tion of the furan ring and the geometry of the C7-C8 double 
bond. As shown in the supporting information, the TS leading 
to the C17 epimer (relative to providencin) is most stable for all 
five different substrates.  

Interconversion of biradical conformers. Our discussions up to 
this point have assumed a Curtin-Hammett scenario in which 
biradical conformers interconvert more quickly than ring-clo-
sure. However, due to steric hindrance around C1-C15 and C15-
C17 bonds preventing facile interconversion, we began to ques-
tion this assumption. For instance, in order to access 1Int_8 from 
1Int_6 the C15-C17 bond needs to rotate (Scheme 3), an inter-
molecular H-bond must be broken and radical allylic conjugation 
disrupted. Calculated barriers for rotation in a clockwise or anti-
clockwise fashion are 20.6 and 19.7 kcal mol-1, respectively. This 
is higher by 5-6 kcal mol-1 than ring-closure (Figure 6). Rotation 
about the C1-C15 bond was also studied (Figure 7). Again, steric 
congestion and the energetic cost associated with having to break 

a stabilizing H-bond result in appreciable barriers for the inter-
conversion of Int_6 to 1Int_9: this can occur in a single step (via 
TSrot1 with barrier 17.0 kcalmol-1) or sequentially (through TSrot2 
and TSrot3 with barriers of 10.9 and 16.2 kcalmol-1 ). Our calcu-
lations therefore suggest that a non Curtin-Hammett scenario 
can arise, in which 1Int_6 is the only intermediate to undergo 
cyclization since conformational interconversion is severely re-
stricted. The C-H abstraction step becomes stereodetermining, 
and is set by the geometry of 3TS_1. 

 

Summary  

 

Following photoexcitation, irreversible hydrogen-abstraction in 
the triplet-state of bipinnatin E favors the formation of biradical 
intermediate 1Int_6. The presence of an intramolecular hydro-
gen bond and a congested steric environment stabilize this inter-
mediate to such an extent that conformational interconversion 
via C-C rotation is prohibited and the Curtin-Hammett principle 
does not govern stereoselectivity.  Radical recombination, form-
ing the cyclobutane ring occurs readily, resulting in the correct 
stereochemistry of providencin (Scheme 4). Substrates without 
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the ability to prevent conformational equilibration of the biradi-
cal intermediate are predicted to form cyclobutanes epimeric at 
C-17, in accordance with the Curtin-Hammett principle. At this 
level of calculation, it is reasonable to conclude that the biosyn-
thetic proposal for the formation of providencin from bipinnatin 
E through a Norrish-Yang cyclisation reaction is feasible in na-
ture and providencin is the expected product from the four pos-
sible diastereoisomers generated in the radical combination step. 
A synthetic work towards the synthesis of bipinnatin E for the 
biomimetic synthesis of providencin using Norrish-Yang cyclisa-
tion reaction is also carrying out in our laboratory. Progress will 
be reported in due course.  
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