
Abstract. Due to the widespread impact of vitamin D on
human health, the development of appropriate assays to
detect deficiency of all vitamin D metabolites of
pharmacological interest is being continuously improved.
Although over 50 naturally-occurring metabolites of vitamin
D are known to date, only very few are routinely detected in
commercially available assays. This is particularly true
regarding C3-epimers of vitamin D3 and D2, which not only
may interfere in analytical measurements with other
metabolites of interest, but also have controversial and not
yet fully understood physiological functions. In this study we
optimized a synthetic method to obtain various vitamin D3
and D2 C3-epimers in order to make them available in gram
quantities for further evaluation and for their use in assay
development or drug discovery. Particularly, the inversion
of the C3-OH group at the A-ring of vitamin D2, which, in
turn, serves as a suitable starting material for most of
chemical syntheses of vitamin D metabolites, can be
converted to the corresponding C3-epimer under so-called
“Mitsunobu conditions”. Thus, the C3-OH group is
converted into the corresponding ester by treatment with an
aromatic acid, subsequent addition of an azodicarboxlate
and triphenylphoshine, leading to the corresponding ester,
concomitant to the inversion of the stereogenic center at C3.
Reduction or saponification of the resulting ester finally
leads to the corresponding C3-epimer, that may serve as
starting material for a wide variety of vitamin D3 and D2
C3-epimers.

Due to the widespread impact of vitamin D on human
health, the development of appropriate assays to measure the
status of vitamin D metabolites in human serum/plasma or
relevant tissue is continuously being improved, mainly with
the aim to detect and thus prevent vitamin D deficiency, that
is considered to cause a wide variety of diseases, including

cancer of the breast, colon and pancreas (1-3). Additionally,
vitamin D metabolites may serve as starting points for the
development of novel therapeutic rationales (4-6). Although
over 50 natural metabolites of vitamin D are known to date
(7, 8), only very few are routinely measured in
commercially available assays (9-13), thus neglecting the
impact of most other metabolites of potential relevance (14-
16). Regarding its metabolism, vitamin D3 (1) (Figure 1),
generated mainly by UV irradiation of 7-dehydrocholesterol
in the skin, is hydroxylated in the liver to 25-
hydroxyvitamin D3 (2), which is subsequently hydroxylated
in the kidney to 1α,25-dihydroxyvitamin D3 (3, calcitriol),
in turn apparently the medicinally most relevant metabolite.
2 is metabolized to other oxidative products, such as
24(R),25-dihydroxyvitamin D3 (4), mediated by the enzyme
CYP24, followed by subsequent enzymatic degradation of
the carbon side chain. 3 is degradated analogously in a
parallel metabolism pathway. Additionally, presumably all
vitamin D metabolites can be metabolized separately
through a C3 epimerization pathway, leading to C3-epi-
metabolites such as 5-7 with an inversion of the stereogenic
center at position C3 of the respective molecule (17-22).
Additionally, the corresponding metabolites of vitamin D2
(8) have to be recognized, because food from plant origin
and food supplements may contain vitamin D2, and its
metabolites are considered to have similar physiological
functions comparing to their corresponding vitamin D3
counterparts (23), although the metabolism products slightly
vary due to an additional methyl group at C24 and a double
bond at C22-23 (8), and their potency seems apparently
lower. Interestingly, C3-epi-dihydroxyvitamin D2 has been
identified along with elevated concentrations of C3-epi-
hydroxyvitamin D3 in serum of young children (22, 24).
Consequently, all naturally-occurring C3-epimers of vitamin
D3 and D2 deserve attention, because some of them may not
only interfere in analytical measurements with other
metabolites of interest, but also have controversial and not
yet fully understood physiological functions. Thus, a
flexible approach towards the chemical synthesis of all
relevant vitamin D C3 epimers is highly desirable in order
to make them available in sufficient quantities for their
evaluation.
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Table I. Starting materials, reagents, reaction conditions, yields and products.

DEAD: diethyl azodicarboxylate, PPh3: triphenylphosphine, RT: room temperature, THF: tetrahydrofurane, DIAD: diisopropyl azodicarboxylate,
KOH: potassium hydroxide, Cu(OAc)2: copper(II) acetate.

Materials and Methods
Most routine assays, particularly RIA and ELISA, are competitive
assays, where the metabolite of interest competes with a
corresponding labeled metabolite for binding to assay specific
antibodies or DBP. Although these techniques are suitable for
automated high-throughput analysis of samples, they are often
restricted to measure only one metabolite, i.e. 25-hydroxyvitamin
D3 (2) suffering from cross-reactivity (low specificity) and lacking
sensitivity. For instance, the presence of 3-epi-25-hydroxyvitamin
D3 (6) in the sample may either not be detected at all, or lead to
overestimated concentrations of 25-hydroxyvitamin D3 (18), Low-
abundant metabolites are widely neglected. By contrast, mass
spectrometry, particularly liquid chromatography-tandem mass
spectrometry (LC-MS/MS), which is currently considered the “gold
standard”, allows measurement of various metabolites, including
C3-epimers and other low-abundant metabolites, in one sample at
the same time with high accuracy (11-16). Usually, chemically
synthesized stable metabolites, in turn labeled with isotopes (2H or
13C) are used as internal standards for this purpose. However,
advanced LC equipment and material is needed for accurate
separation of all relevant metabolites. 

In this study we explored several synthetic methods to invert the
configuration of the stereogenic center at C3 of the intact vitamin
D skeleton with the aim to apply the most efficient method to the
synthesis of various vitamin D3 and D2 C3-epimers (Table I). 

It has already been explored previously, that readily-available
vitamin D2 (8) is a most suitable starting material for the chemical
synthesis of many vitamin D metabolites of interest (6, 7, 25) (Figure
2). The inversion of the configuration of the C3-OH group (from β to
α) at the A-ring of vitamin D, leading to the corresponding C3-epimer,
can be accomplished most appropriately under so-called “Mitsunobu
conditions” (26). Thus, vitamin D2 or a related derivative thereof is
treated with an aromatic acid, an azodicarboxlate and
triphenylphoshine, leading to formation of a corresponding ester,
concomitant to the inversion of the configuration of the stereogenic
center at C3. Reduction or saponification of the resulting ester finally
leads to the corresponding C3-epimer, which may serve as starting
material for a wide variety of other vitamin D3 and D2 C3-epimers.
Two alternative strategies can be applied, either by leaving the vitamin
D skeleton intact and proceed with 9 in the synthesis, or by conversion
of 8 to bishydroxylated 10, followed by inversion of C3 configuration
leading to 11, cleavage of the molecule in an A-ring 12 and CD ring
13, appropriate chemical modification of these both building blocks,
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Figure 1. Metabolic pathways of vitamin D.



and connection of the A-ring as a phosphine oxide 14 with an
appropriate CD-ring ketone 15. 

Results and Discussion

The results of exploration of various starting materials, reagents
and reaction conditions towards the synthesis of C3-epi-vitamin
D derivatives are shown in Table I. 

Vitamin D2 (8), vitamin D3 (1), and 7,8-bishydroxylated
vitamin D2 (10) served as starting material. Different acids
(benzoic acid, 3-chlorobenzoic acid, 4-nitrobenzoic acid, 2-
picolinic acid), various azodicarboxylates, such as diethyl- and
diisopropyl-azodicarboxlate (DEAD, DIAD), as well as
different solvents were employed. Additionally, reaction time
and temperature were optimized.

Reaction of Vitamin D2 (8) with benzoic acid, 3-
chlorobenzoic acid and 4-nitrobenzoic acid (Table I, entries 1-3)
gave just moderate yields (18%-33%) of the corresponding
esters, mainly due to elimination reaction, leading to a
presumably favored product containing a conjugated 3,4-5,6-

7,8-all-trans-triene system. Although, cleavage of the esters by
reduction with lithium aluminium hydride (Table I, entries 1-2)
or saponification with potassium hydroxide (Table I, entry 3)
could be carried out in reasonable yields (48%-88%). The most
suitable acid for ester formation was picolinic acid, which gave
the corresponding ester of vitamin D3 (1) as a starting material
in 47% yield (Table I, entry 4). In order to avoid the formation
of a triene system by elimination in the course of esterification,
7,8-bishydroxylated vitamin D2 (10) was employed as a starting
material for the reaction with picolinic acid (27). Indeed, the
corresponding ester could be obtained in good yield (64%)
(Table I, entry 5). The cleavage of the ester with copper(II)
acetate was optimized to yield 64% of the corresponding
alcohol 11. It has to be recognized that these conditions are
quite mild, making them suitable for highly sensitive substrates.
This approach is favored to proceed in a connective synthesis
using building blocks 12-15 (Figure 2). By contrast, the use of
vitamin D2 (8) as a starting material, 4-nitro benzoic acid for
esterification, and saponification with potassium hydroxide for
ester cleavage appeared as most suitable for practical reasons to
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Figure 2. General strategies for the synthesis of vitamin D C3-epimers. PPh3: Triphenylphosphine, LiAlH4: lithium aluminium hydride, KOH:
potassium hydroxide, Cu(OAc)2: copper(II) acetate, KMnO4: potassium permanganate, DIAD: diisopropyl azodicarboxylate, TBDMSCl: tert-
butyldimethylsilyl chloride, Pb(OAc)4: lead tetraacetate, CeCl3: Cer(III)-chloride, NaBH4: sodium borohydride, NCS: N-chlorosuccinimide, LiPPh2:
lithium diphenylphosphide, H2O2: hydrogen peroxide, n-BuLi: n-butyllithium.



obtain C3-epi derivatives to proceed in a non-connective
synthesis via 9, leaving the vitamin skeleton intact.

Conclusion

Inversion of the configuration at the C3 stereogenic center of
vitamin D2 or another appropriate vitamin D derivative under
“Mitsunobu conditions” was optimized and can finally be
carried out in gram scale, leading to products suitable for the
synthesis of a wide variety of natural 3-epi vitamin D
metabolites and analogs. Measurement of these low-abundant
metabolites, favorably by LC-MS/MS, and thus assessment of
their distribution in human blood or relevant tissue may open
up a new avenue for physicians and clinicians for diagnosis,
treatment and risk prediction of vitamin D-dependent diseases.

Acknowledgements
This work was generously supported by the Ministry of Economics
and Science of the Saarland, and Roche Diagnostics GmbH (Penzberg,
Germany).

References
1 Institute of Medicine (US) Committee to Review Dietary

Reference Intakes for Vitamin D and Calcium, Ross AC, Taylor
CL, Yaktine AL and Heather B Del Valle HB (eds). Washington
(DC): National Academies Press (US), 2011. 

2 Holick MF: Vitamin D: importance in the prevention of cancers,
type 1 diabetes, heart disease, and osteoporosis. Am J Clin Nutr
79: 362-371, 2004.

3 Woloszynska-Read A, Johnson CS and Trump DL: Vitamin D
and cancer: Clinical aspects. Best Prac Res Clin Endocrinol
Metab 25(4): 605-615, 2011.

4 Deeb KK, Trump DL and Johnson CS: Vitamin D signaling
pathways in cancer: potential for anticancer therapeutics. Nat Rev
Cancer 7: 684-700, 2007.

5 Carlberg C and Molnár F: Current status of vitamin D signaling
and its therapeutic applications. Curr Top Med Chem 12(6): 528-
547, 2012.

6 Nadkarni S, Chodynski M, Corcoran A, Marcinkowska E, Brown
G and Kutner A: Double point modified analogs of vitamin D as
potent activators of vitamin D receptor. Curr Pharm Des 21:
1741-1763, 2015. 

7 Bouillon R, Okamura WH and Norman A: Structure and function
in vitamin D endocrine system. Endocr Rev 16(2): 200-257, 1995.

8 Horst RL, Reinhardt TA and Reddy GS: Vitamin D metabolism
In: Vitamin D. Second Edition. Feldman D, Pike JW and
Glorieux FH (eds). Burlington: Elsevier, 15-36, 2005.

9 Farrell J and Herrmann M: Determination of vitamin D and its
metabolites. Best Pract Res Clin Endocrinol Metab 27(5): 675-
688, 2013.

10 Fraser WD and Milan AM: Vitamin D assays: past and present
debates, difficulties, and developments. Calcif Tissue Int 92(2):
118-127, 2013.

11 Volmer DA, Mendes LRBC and Stokes CS: Analysis of vitamin
D metabolic markers by mass spectrometry: current techniques,
limitations of the “gold standard” method, and anticipated future
directions. Mass Spectrom Rev 34(1): 2-23, 2015.

12 Geib T, Meier F, Schorr P, Lammert F, Stokes CS and Volmer
DA: A simple micro-extraction plate assay for automated LC-
MS/MS analysis of human serum 25-hydroxyvitamin D levels.
Mass Spectronom 50: 275-279, 2015.

13 Granado Lorencio F, Blanco-Navarro I and Pérez-Sacrsitán B:
Critical evaluation of assays for vitamin D status. Curr Opin Clin
Nutr Metab Care 16(6): 734-740, 2013.

14 Volmer DA and Müller M: Mass spectrometric profiling of
vitamin D metabolites beyond 25-hydroxyvitamin D. Clinical
Chemistry 61(8): 2015.

15 Higashi T, Shimadab K and Toyo’oka T: Advances in
determination of vitamin D related compounds in biological
samples using liquid chromatography–mass spectrometry: A
review. Journal of Chromatography B 878: 1654-1661, 2010. 

16 Mena-Bravo A, Ferreiro-Vera C, Priego-Capote F, Maestro MA,
Mouriño A, Quesada-Gómez JM and Luque de Castro MD:
Quantitative analytical method to evaluate the metabolism of
vitamin D. Clin Chim Acta 442: 6-12, 2015.

17 Reddy GS, Muralidharan KR, Okamura WH, Tserng KY and
McLane JA: Metabolism of 1alpha,25-dihydroxyvitamin D(3)
and its C-3 epimer 1alpha,25-dihydroxy-3-epi-vitamin D3 in
neonatal human keratinocytes. Steroids 66: 441-450, 2001.

18 Bailey D, Veljkovic K, Yazdanpanpanah M and Adeli K:
Analytical measurement and clinical relevance of vitamin D3 C3-
epimer. Clin Biochem 46: 190-196, 2013.

19 van den Ouweland JMW, Beijers AM, van Daal H, Elisen
MGLM, Steen G and Wielders JPM: C3-Epimer cross-reactivity
of automated 25-hydroxyvitamin D immunoassays. Ned Tijdschr
Klin Chem Labgeneesk 38: 136-138, 2013.

20 Molnár F, Sigüeiro R, Sato Y, Araujo C, Schuster I, Antony P,
Peluso J, Muller, Ch, Mouriño A, Moras D and Rochel N:
1α,25(OH)2-3-Epi-vitamin D3, a natural physiological metabolite
of vitamin D3: its synthesis, biological activity and crystal
structure with its receptor. PLoS One 6(3): 1, 2011.

21 Kamao M, Tatematsu S, Sawada N, Sakaki T, Hatakeyama S,
Kubodera N and Okano T: Cell specificity and properties of the
C-3 epimerization of vitamin D3 metabolites. J Steroid Biochem
Mol Biol 89-90: 39-42, 2004.

22 Unterieser I and Lukačin R: Special vitamin D diagnosis in
infants: meaning of the C3-epimers. Spinco Biotech Cutting Edge
10: 34, 2014.

23 Houghton L and Vieth R: The case against ergocalciferol (vitamin
D2) as a vitamin supplement. Am J Clin Nutr 84: 694-697, 2006.

24 Singh RJ, Taylor RL, Reddy GS and Grebe SKG: C-3 Epimers
can account for a significant proportion of total circulating 25-
hydroxyvitamin D in infants, complicating accurate measurement
and interpretation of vitamin D status. J Clin Endocrinol Metab
91(8): 3055-3061, 2006.

25 Kattner L, Bernardi D and Rauch E: Development of efficient
chemical syntheses of vitamin D degradation products.
Anticancer Res 35(2): 1205-1210, 2015.

26 Mitsunobu O: The use of diethyl azodicarboxylate and
triphenylphosphine in synthesis and transformation of natural
products. Synthesis: 1-28, 1981.

27 Achmatowicz B, Gorobets E, Marczak S, Przezdziecka A,
Steinmeyer A, Wicha J and Zügel U: The first synthesis and
biological testing of the enantiomer of 1α,25-dihydroxyvitamin
D3. Tetrahedron Lett 42: 2891-2895, 2001.

Received January 11, 2016
Revised February 12, 2016

Accepted February 15, 2016

Kattner and Rauch et al: Synthesis of Vitamin D C3-Epimers

1421


