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VITAMIN K

Vitamin K represents a class of substances which contain the 2-methyl-1,4-naphthoquinone moiety and are
characterized by their antihemorraghic properties. Vitamin K was first discovered by Dam in 1929 during
experiments with chicks on a lipid-deficient diet (1). Dam coined the term Koagulations vitamin to describe
this new substance (2, 3). In the late 1930s, several groups identified the causative agent responsible for the
antihemorraghic properties of alfalfa (4—7). Structural determination of vitamin K; (1) was the result of work
from several laboratories (8, 9). Stereochemical assignment came much later from Mayer (10). Additional
studies isolated and characterized related materials. Vitamin Ky (2) was first found in decaying fish meal (9); it
is a crystalline compound and is distinguished by its repeating isoprenyl units. Vitamin K3 [58-27-5] (3) is the
simplest form of the vitamin. The chemical name and common names for some important forms of the vitamin

follow.
name vitamin Kj
CAS Registry Number [84-80-0]

chemical name
common name

name
CAS Registry Number
chemical name

common name

name

CAS Registry Number
chemical name
common name

1,4-naphthalenedione, 2-methyl-3-(3,7,11,15-tetramethyl-2-hexadecenyl)-, [R-[R*,R*-(E)]]-
phylloquinone, phytomenadione, phytonadione

Vitamin Kz(go)

[863-61-6]

1,4-naphthalenedione, 2-methyl-3-(3,7,11,15-tetramethyl-2,6,10,14-hexadecatetraenyl)-,
(E,EE)-

menaquinone 4, menaquinone K4, MK-4

vitamin Kj

[58-27-5]

1,4-naphthalenedione, 2-methyl
menadione; menaquinone-0; synkay

(1)
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(2)

CHj
(§]

(3

The K vitamins are named after the original vitamin and the number of carbon atoms in the side chain.
Using this convention, vitamin Ky is so named because it contains 20 carbon atoms in the chain. In the
biological literature, vitamin K, is frequently referred to as menaquinone and is further designated by the
number of isoprene units in the side chain. For example, vitamin K90 is also called menaquinone-4 or MK-4.
Vitamin K3 is also referred to as menadione or MK-0.

Vitamin K is typically found in green, leafy vegetables such as cabbage, broccoli, and spinach at levels of
95-200 ng/100 g of fresh vegetables. Cauliflower at a level of 136 1g/100 g also represents an excellent source

of dietary vitamin K. Additionally, animal sources such as liver and eggs provide good sources of vitamin K
(11).

1. Chemical/Physical Properties

Vitamin K compounds are yellow solids or viscous liquids. The natural form of vitamin K; is a single di-
astereoisomer with 2'(E), 7(R), 11'(R) stereochemistry. The predominant commercial form of vitamin Kj is the
racemate and a 2'(E)/(Z) mixture. Table 1 lists some physical and spectral properties of vitamin Kj.

Table 1. Physical and Spectral Properties of Vitamin K;?

Item Vitamin Kj Vitamin Kys) Vitamin Kgss) Vitamin Kj
color yellow, viscous oil yellow crystals yellow crystals bright yellow crystals
melting point, °C -20 50 54 105-107
molecular weight 450.68 580.9 649.02 172.17
molecular formula 031H4602 C41H5602 C46H6402 CanOz
spectrophotometric 242, 248, 260, 243, 248, 261, 243, 248, 261, 244
data, Amax, NM 269, 325 270, 325 2170, 325
€, petroleum ether 396, 419, 383, 387, 68 304, 320, 290, 292, 53 2178, 195, 266, 267, 48 1150 (hexane)
“Ref. 12.

Vitamin K; is insoluble in water and is soluble in 70% alcohol, chloroform, petroleum ether, benzene, and
hexane. Vitamin K; is stable in air but should be protected from light. Although unstable in alkali, the vitamin

is stable in acidic medium. Its facile decomposition in basic solution forms the basis of the Dam-Karrer color
test.
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Early structural determination lends insight into the chemical reactivity of vitamin K;. Catalytic hydro-
genation of vitamin K; consumes four moles of hydrogen and affords a colorless compound. Because complete
hydrogenation of a 1,4-naphthoquinone structure consumes three molecules of hydrogen, consumption of the
fourth mole indicates unsaturation in the side chain. Reductive acetylation of vitamin K; affords the diacetate of
dihydrovitamin Kj. This behavior further supports the conclusions that vitamin K; contains a naphthoquinone
group (13).

In addition to its reactivity toward reducing agents, vitamin Kj is also reactive toward oxidizing agents.
Chromic acid oxidation of vitamin K; gives rise to two principal products, 2-methyl-1,4-naphthoquinone-3-
acetic acid and phthalic acid. By comparison with known compounds, it has been concluded that the benzene
ring is unsubstituted and the substitution pattern on the naphthoquinone ring is 2,3-dialkyl (8, 14-16).

2. Analytical Methods

The classical method for the determination of vitamin K is based on the clotting time of a vitamin K-deficient
chick. It is relatively easy to produce a hemorraghic state in chicks (17). Vitamin K-deficient rats have also
been used for this assay (18). Owing to the development of modern chromatographic techniques, this method
of analysis has been supplanted by other methodology.

There are several comprehensive reviews of analytical methods for vitamin K (19, 20). Owing to the
presence of a naphthoquinone nucleus, the majority of analytical methods use this structural feature as a basis
for analysis. Several identity tests such as its reaction with sodium bisulfite or its uv spectrum exploit this
characteristic. Although not specific, titrimetric, polarographic, and potentiometric methods have also been
used (20).

Chromatographic methods including thin-layer, hple, and gc methods have been developed. In addition to
developments in the types of columns and eluents for hplc applications, a significant amount of work has been
done in the kinds of detection methods for the vitamin. These detection methods include direct detection by uv,
fluorescence after post-column reduction of the quinone to the hydroquinone, and electrochemical detection.
Quantitative gc methods have been developed for the vitamin but have found limited applications. However,
gc methods coupled with highly sensitive detection methods such as ge/ms do represent a powerful analytical
tool (20).

As described in the USP, phytonadione is a mixture of the cis- and trans-isomers of vitamin Kj. This
mixture should not contain more than 103% and not less than 97.0% of total vitamin K content. The amount
of the cis-isomer is also specified and is not to exceed 21%. In addition to the pure substance, the USP also
describes methods for the analysis of parental as well as tableted forms of the vitamin (21).

3. Synthesis

The first synthesis of vitamin K; was reported by several workers in the late 1930s and the synthetic approaches
have been reviewed (22). Vitamin K; was prepared by the reaction of menadione with phytyl bromide in the
presence of zinc (23).
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CHj CHy CH, CH,
— (1)
CHj + Br CHj

0
(3)

Vitamin K; has been synthesized from the condensation of the monosodium salt of menadiol with phytyl
bromide (24).

ONa
= C-H_'-] CHH CHH CH3
.O /\-"’)\A/I\/\/k./\/L w
CHj + Br CHj
0OH

In methodology developed by Fieser, unprotected menadiol (5) was condensed with natural phytol using
oxalic acid as catalyst (25). Oxidation of the hydroquinone to the naphthoquinone yielded vitamin Kj;. A similar
approach has been reported (26). The commercial synthesis of vitamin Kj is largely based on the above with
some important improvements from Roche (27) and Merck (28).

OH
= C-H;-} C-H;-_] CHB CH;;
O, S,
CH; + HO CHy

OH
(5)

A significant improvement in this technology was the discovery that BF3-etherate could be substituted
as a condensation catalyst in place of oxalic acid (qv). Owing to the fact that oxalate esters of isophytol
did not form, this substitution reduced the formation of undesired phytadiene by-products. A second notable
advance was the use of 1-acetyl-2-methyl-1,4-naphthoquinone as starting material for the condensation. In
addition to phytadiene, a significant by-product is 2-methyl-2-phytyl-2,3-dihydro-1,4-naphthoquinone. The use
of the monoprotected compound eliminates the formation of this impurity. Moreover, in the earlier process, the
sensitivity of the unprotected compound toward air oxidation necessitated a reduction before purification by
base extraction of the crude condensation mixture. The acetylated compound is not labile toward air oxidation.
As a result, the reduction step is not warranted and its inherent complications are avoided.

O CH CH CH CH
CH, 3 3 3 3

0
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Fig. 1. Synthesis of vitamin K;.

As practiced by Hoffmann-La Roche, the commercial synthesis of vitamin K; is outlined in Figure 1.
Oxidation of 2-methylnaphthalene 1 yields menadione (3). Catalytic reduction to the naphthohydroquinone
(5) is followed by reaction with a benzoating reagent to yield the bis-benzoate 1. Selective deprotection yields
the less hindered benzoate 1. Condensation of isophytol 1 (see Vitamins, vitamin E) with 1 under acid-catalyzed
conditions yields the coupled product 1. Saponification followed by an air oxidation yields vitamin K; (1) (29).

Although the industrial synthesis of vitamin K; remains largely unchanged from its early beginnings,
significant effort has been devoted to improvements in the condensation step, the oxidation of dihydrovitamin
to vitamin Kj, and in economical approaches to vitamin Kg (vide infra). Also, several chemical and biochemical
alternatives to vitamin K; have been developed.

A Japanese patent has claimed improvements in the direct condensation of menadione with phytyl chloride
in the presence of a reducing metal such as zinc or iron powder (30). Tin chloride has been reported to be a
useful catalyst for this condensation (31, 32).

In a patent assigned to Mitsubishi, air oxidation is carried out in the presence of copper salts to avoid the
formation of complicating impurities in the oxidation of dihydrovitamin K; to vitamin Kj (33). In other work,
high yields of vitamin K; were obtained by performing the oxidation in an alkali medium (34). High purity
vitamin K; can also be obtained by an oxidation in dimethyl sulfoxide (35).
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In a novel approach to vitamin K;, Hoffmann-La Roche has exploited the potential acidity at C-3 as
a means to attach the side chain of vitamin K; (36). Menadione was reacted with cyclopentadiene to yield
the Diels-Alder adduct. The adduct is treated with base and alkylated at C-3 with phytyl chloride. A retro
Diels-Alder reaction yields vitamin K;. Process improvements in this basic methodology have been claimed by
Japanese workers (37).

CHy

CHj

(1)

Although not of industrial importance, many organometallic approaches have been developed (38). A
one-pot synthesis of vitamin K; has been described and is based on the anionic [4 + 2] cycloaddition of three-
substituted isobenzofuranones to 1-phytyl-1-(phenylsulfonyl)propene. Owing to the rather mild chemical con-
ditions, the (E)-stereochemistry is retained (39).

X CH,{ @
0 /E — SOPh | —»
@ + CeHs80y” TR 2 “}
R
0

R = phytyl O

Although the predominant commercial form of vitamin K is the racemate, natural (2'(E), 7(R), 11'(R))—
vitamin Kj is accessible either from a natural source or from condensation with natural phytol. In the curative
blood clotting test, these compounds have been shown to have nearly equivalent biopotencies. The synthesis
and spectral properties of all four stereoisomers of (E)-vitamin K; has been described and their biopotencies
determined. Using natural vitamin K; as a standard, the relative activities were found to be 1.0, 0.93, 1.19,
and 0.99 for 2'(E), T(R), 11'(R); 2'(E), T'(R), 11(S"); 2'(E), 7'(S), 11'(S); and 2'(E), 7'(S), 11'(R), respectively. These
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differences were not considered significant and it was concluded that these compounds have identical activities
(40).

Aside from chemical methods, several patents have appeared on the biochemical production of natural
vitamin Kj from callus tissue cultures (41). In addition, a patent has appeared which describes the concentration
and purification of natural vitamin K; from deodorizer distillates (42). The biosynthesis of vitamin K; and
vitamin Ky has been reviewed (43).

4. Vitamin K

As compared to vitamin K;, vitamin K is relatively unimportant industrially with only a few producers, such
as Teikoku Kagaku Sangyo and Eisai, and is dominated by the manufacture of vitamin Kyg). The industrial
synthesis parallels that of vitamin K; and involves as a key step alkylation of monosubstituted menadione
with an appropriate (all-E) reagent (44, 45). Several academic syntheses have been described (46—49).

In contrast to vitamin Kj, there has been considerably more activity on fermentative approaches to
vitamin Ky (50). The biosynthetic pathway to vitamin Ky is analogous to that of vitamin K; except that
poly(prenylpyrophosphates) are the reactive alkylating agent (51, 52). Menaquinones of varying chain lengths
from C5 to Cgs have been isolated from bacteria. The most common forms are vitamin Ky(ss), Kog), and Koys).
A significant amount of Kg9g) was observed in a Flavobacterium fermentation and was increased by the use of
a mutant resistant to usnic acid (53). In other work, production of vitamin Ky was enhanced by the use of 1-
hydroxy-2-naphthoate (54). Many Japanese patents have appeared that describe production of menaquinones
from bacteria (55).

5. Vitamin K3

Industrially, vitamin Ks is prepared from the chromic acid oxidation of 2-methylnaphthalene (56). Although the
yields are low, the process is economical owing to the low cost and availability of the starting material and the
oxidizing agent. However, the process is complicated by the formation of isomeric 6-methyl-1,4-naphthoquinone.
As a result, efforts have been directed to develop process technology to facilitate the separation of the isomeric
naphthoquinone and to improve selectivity of the oxidation.

A process has been disclosed in which the mixture of naphthoquinones is reacted with a diene such as
butadiene. Owing to the fact that the undesired product is an unsubstituted naphthoquinone, this dieneophile
readily reacts to form a Diels-Alder adduct. By appropriate control of reaction parameters, little reaction is
observed with the substituted naphthoquinone. Differential solubility of the adduct and vitamin K3 allows for
a facile separation (57, 58).

(4) —= (3) +
CHjy
O
In an alternative approach, the desired 2-methyl-1,4-naphthoquinone is derivatized to form a water-

soluble and commercially important sodium bisulfite adduct. Extraction of the organic phase with water
separates the isomeric quinones (59).
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In order to circumvent this problem, there has been significant activity directed toward the search for
a less environmentally toxic and more selective oxidizing agent than chromium. For example, Hoechst has
patented a process which uses organorhenium compounds. At a 75% conversion, a mixture of 86% of 2-methyl-
1,4-naphthoquinone and 14% 6-methyl-1,4-naphthoquinone was obtained (60). Ceric sulfate (61) and electro-
chemistry (62, 63) have also been used.

In a biotechnology-based approach, Japanese workers have reported on the microbial conversion of 2-
methylnaphthalene to both 2-methyl-1-naphthol and menadione by Rhodococcus (64). The intermediate 2-
methyl-1-naphthol can readily be converted to menadione by a variety of oxidizing agents such as heteropoly
acids (65) and copper chloride (66). A review of reagents for oxidizing 2-methylnaphthalene and naphthol is
available (67).

In addition to its industrial importance as an intermediate in the synthesis of vitamin K;, menadione,
or more specifically, salts of its bisulfite adduct, are important commodities in the feed industry and are used
as stabilized forms in this application. Commercially significant forms are menadione dimethyl pyrimidinol
(MPB) (10) and menadione sodium bisulfite (MSB) (11). MSB is sold primarily as its sodium bisulfite complex.
The influence of feed processing, ie, pelleting, on the stability of these forms has been investigated (68). The
biological availabilities and stability of these commercial sources has been determined (69, 70).

0
CHy CHj \T/OH
505H ( }q
0 CHy
(10}

O
CHj
503[\'3
0
(11}

6. Biosynthesis

Animals cannot synthesize the naphthoquinone ring of vitamin K, but necessary quantities are obtained by
ingestion and from manufacture by intestinal flora. In plants and bacteria, the desired naphthoquinone ring
is synthesized from 2-oxoglutaric acid (12) and shikimic acid (13) (71, 72). Chorismic acid (14) reacts with
a putative succinic semialdehyde TPP anion to form o-succinyl benzoic acid (73, 74). In a second step, ortho-
succinyl benzoic acid is converted to the key intermediate, 1,4-dihydroxy-2-naphthoic acid. Prenylation with
phytyl pyrophosphate is followed by decarboxylation and methylation to complete the biosynthesis (75).
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R
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7. Economic Aspects

The total market for vitamin Kj is relatively small and the principal producer of vitamin K; is Hoffmann-
La Roche. Nisshin Flour Milling Company is the predominant manufacturer for the optically active form of
vitamin Kj;. Total world market for vitamin Kg is 1500 t with Vanetta Company as the dominant manufacturer.
The list price for vitamin K USP grade is $3.75-$4.05/g. For the 1% spray dried formulated product, the price
ranges from $76-$79/kg. The majority of vitamin K; is sold to the pharmaceutical industry, whereas vitamin
K3 is consumed primarily by the feed industry (see Pharmaceuticals).

8. Requirements

Owing to the ubiquitous natural occurrence of vitamin K and its production by intestinal bacteria, vitamin K
deficiencies are rare. However, they can be caused by certain antibiotics (qv) coupled with a reduced dietary
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intake. Newborn infants who do not possess the necessary intestinal bacterial population are at danger for
vitamin K deficiency. As a result, vitamin K injections are routinely given to the newborn.

Table 2 lists the Recommended Dietary Allowances (RDA) for vitamin K. Although manufacture by in-
testinal bacteria represents a significant source of plasma menaquinone concentrations, reliance on this source
alone is not sufficient to maintain healthy concentrations of menaquinone. Consequently, dietary supplemen-
tation is necessary (76).

Table 2. RDA Requirements for Vitamin K

Category Age Vitamin K, ug
infants 0.0-0.5 5
0.5-1.0 10
children 1-3 15
4-6 20
7-10 30
males 11-14 45
15-18 65
19-24 70
25-50 80
> 51 80
females 11-14 45
15-18 55
19-24 60
25-50 60
> 51 60
none
U.S. RDA established

9. Biochemistry

As a result of empirical findings that alfalfa and other plants can alleviate a hemorrhagic situation in chicks,
work was initiated to identify and isolate the causative agent. Concurrent to these activities was the observation
that prothrombin levels in chicks given certain leafy green vegetables were enhanced. Studies on the role of
vitamin K in blood clotting and more specifically, in the conversion of fibrinogen to fibrin, have led to the
conclusion that the important function of vitamin K in the clotting mechanism is to act as a cofactor in the
biosynthesis of the active form of prothrombin (11).

Work in the mid-1970s demonstrated that the vitamin K-dependent step in prothrombin synthesis was
the conversion of glutamyl residues to y-carboxyglutamyl residues. Subsequent studies more clearly defined
the role of vitamin K in this conversion and have led to the current theory that the vitamin K-dependent
carboxylation reaction is essentially a two-step process which first involves generation of a carbanion at the y-
position of the glutamyl (Gla) residue. This event is coupled with the epoxidation of the reduced form of vitamin
K and in a subsequent step, the carbanion is carboxylated (77-80). Studies have provided thermochemical
confirmation for the mechanism of vitamin K and have shown the oxidation of vitamin KHy (15) can produce
a base of sufficient strength to deprotonate the y-position of the glutamate (81-83).
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OH 0 0 0]
R R R R
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Although the role of vitamin K in blood clotting has clearly been demonstrated and involves carboxylation
of multiple proteins in addition to prothrombin and includes factor VII, factor IX, and factor X, proteins
containing Gla residues have been found in other tissues. For example, in 1975, Hauschka isolated an EDTA-
soluble protein fraction of chick bones and identified the presence of Gla (84). Additional work sequenced the
protein, which was called bone Gla protein or osteocalcin (85). The properties of the protein and its function
in bone mineralization have been extensively studied (86, 87). However, its specific function is not completely
understood. In addition, vitamin K-dependent carboxylase activity has been observed in cell cultures. For
example, a vitamin K-dependent protein has been identified in a screen for growth arrest specific gene products.
This protein, Gas6, has been identified as a ligand for tyrosine kinase (88). This observation has suggested
that vitamin K may have a more general metabolic role (89-94).

10. Conclusions
Despite the fact that commercial synthesis in the 1990s of vitamin K has largely remained unchanged from
its early roots, there has been significant activity in the area of process improvements to the basic approach.

Also, several biotechnological systems have been described and this may be a future research area. A thorough
understanding of the role of vitamin K in biological systems will continue as an active research area.
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