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glucose oxidase4 and by the characteristic absorp
tion spectra of the reaction product of L-rhamnose 
in the cysteine-sulfuric acid test.5 These results 
indicate t ha t the product from the 1-hour incuba
tion mixture is essentially pure thymidine diphos
phate glucose and the product from the 5-hour 
incubation is apparently a mixture of thymidine 
diphosphate glucose and thymidine diphosphate 
rhamnose. 

TABLE II 

MOLAR RATIOS OF HYDROLYTIC PRODUCTS FROM THYMIDINE 

DIPHOSPHATE H E X O S E COMPOUNDS FROM THE 1- AND 5 - H R . 

REACTION MIXTURES 
T h y m i d i n e 
m o n o p h o s - Ino rgan ic T o t a l 

H r . p h a t e p h o s p h a t e hexose R h a m n o s e 

1 1.00 0.94 1.05 0.06 
5 1.00 0.93 0.96 0.28 

T h a t the D-glucosyl unit of thymidine diphosphate 
glucose is converted to the rhamnosyl uni t has been 
established by the results shown in Table I I I . In 
these experiments, samples of 0.8 micromole of 
thymidine diphosphate glucose in 0.05 ml. of enzyme 
extract were incubated for 5 hours with 0.15 or 0.3 
micromole of the compounds listed in the table. 
The thymidine diphosphate hexose fraction from 
each reaction mixture was separated chromato-
graphically and L-rhamnose and D-glucose in the 
fractions were determined quanti tat ively.3 The 
values in Table I I I show tha t the disappearance of 
glucose was accompanied by a stoichiometric in
crease in L-rhamnose in the reaction mixture. 

TABLE III 

MICROMOLES OF L-RHAMNOSE AND D-GLUCOSE IN THE 

HYDROLYSATES OF THYMIDINE DIPHOSPHATE H E X O S E 

FRACTIONS PREPARED AS DESCRIBED IN THE T E X T 

C o m p o u n d added 

None 
T P N H (0.15 juM.) 
T P X H (0.3 ^M.) 
DPNH (0.3 A I . ) 
Dialyzed6 + T P N H 

(0.3 pM.) 
Dialyzed + D P N H 

( 0 ' 3 M M . ) 

Glutathione (0.3 

MM.) 
G-I-P (0.3 AIM.) 

/i moles 
Of L-

r h a m n o s e 

0.03 
.17 
.24 
.18 
.11 

.04 

.05 

.03 

^moles 
of D-

glueose 

0.79 
.64 
.58 
.64 
.71 

.79 

.73 

.78 

Conver 
sion t o 

L-rham
nose,*1 

% 
0 

17 
26 
19 
11 

1 

3 

0 
" The figures have been corrected for the small amount of 

i.-rhamnose initially detected in the T D P G preparation by 
the colorimetric procedure employed. h The enzyme 
extract was dialyzed for 24 hours in water and for 3 hours 
in 0.1 M phosphate buffer containing 0.05 J\I magnesium 
chloride. 

On the basis of these findings, a reaction sequence 
suggested for the conversion of D-glucose to L-rham
nose by the enzyme system of S. faecalis is out
lined in the accompanying equations 

G + ATP — > G-6-P —>• G-I-P (1) 
TTP + G-I-P — > TDPG + P-P (2) 

TDPG + TPNH • >• TDPRh + TPN+ (3) 

(4) L. M . W h i t e a n d G. E . Secor, Science, 125, 495 (1957). 
(5) Z. Disc-he and I.. B . Rhet t les , . ' . Biol. Chum., 175, 595 (1948). 

This reaction sequence is consistent with the ob
servation tha t specifically labeled glucose is con
verted to L-rhamnose without randomization of the 
label6 and probably accounts for the occurrence of 
thymidine diphosphate rhamnose in several strains 
of bacteria.78 '9 In this scheme, reaction 1 illus
trates the formation of glucose-1 -phosphate (G-I-P) 
from glucose (G) and adenosine tr iphosphate 
(ATP) via hexokinase to yield glucose-6-phosphate 
(G-6-P) and via mutase to yield G-I-P. Reaction 
2 indicates the synthesis of thymidine diphosphate 
glucose (TDPG) by a mechanism similar to tha t for 
the synthesis of uridine diphosphate glucose. The 
enzyme which catalyzes this reaction may be ap
propriately termed a thymidine diphosphate glu
cose pyrophosphorylase. Reaction 3 is a diagram
matic representation for a series of reactions result
ing in the conversion of the glucosyl moiety of 
T D P G to the rhamnosyl moiety of thymidine di
phosphate rhamnose ( T D P R h ) . These reactions 
result in epimerizations a t positions 3, 4, and 5 and 
reduction a t position 6 of the glucosyl moiety of 
T D P G . Reduced triphosphopyridine nucleotide 
(TPNH) is required for this series of reactions and 
in the crude reaction mixture is probably supplied 
by other metabolic reactions occurring in the sys
tem. The thymidine diphosphate rhamnose prob
ably participates in transglycosylation reactions 
as a donor of rhamnosyl units in the biosynthesis of 
heteropolysaccharides. 

(6) W. H. S o u t h a r d , J. A. H a y a s h i a n d S. S. Barku l i s , J. Bacleriol., 
7 8 , 7 9 (1959). 

(7) J . L. S t rominge r and ,S. S. Sco t t , Biochim. Biophys. Acta, 3 5 , 
552 (1959). 

(8) R. Okazak i , Biochem. Biophys. Res. Comm., 1, 34 (1959). 
(9) J . Baddi ley and N". L. BIumson , Biochim. Biophys. Acta, 39, 

376 (1960). 
(10) D o w Chemical Co . i 'el low, Unive r s i ty of N e b r a s k a , 1 9 5 9 -

1960. 
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METAL-HYDROGEN BONDING IN 
METALLOCENE COMPOUNDS1 

Sir: 
Evidence provided by our infrared spectral 

studies on a wide range of ferrocene and some 
related metallocene derivatives has established a 
revealing example of the active electronic role which 
can be exercised by the metal a tom in appropriate 
reactions of these metallocene systems. Study of 
the hydrogen bonding characteristics of ferrocene 
and related derivatives has shown the metal atom 
to be the site of a substantially strong intramo
lecular hydrogen bond involving the electrons of the 
metal a tom acting as proton acceptor. 

(1) T h i s research was s u p p o r t e d j o in t l y by the A r m y , N a v y and 
Air Force unde r Signal Corps c o n t r a c t DA-36 039SC-78105. 
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The occurrence of this interesting type of hydro
gen bond which appears to be a first example of a 
metal atom bonding in this manner is also of wider 
significance since it demonstrates the probable 
similar availability of the metal electrons for other 
coordination and bonding. For example, these re
sults have led us to studies, recently reported,2 on 
the role of the iron atom on rate and stereochemis
try where metal electron participation is shown to 
be a very general and dominant phenomenon for 
metallocene reactions proceeding via a-cationic 
intermediates, both with respect to anchimeric 
rate enhancement and metal-bonded cation struc
ture. 

Representative f errocenyl alcohols were examined 
in the fundamental hydroxyl stretching region in 
dilute CCU solution (ca. 0.005 M) using a Perkin-
Elmer Model 21 spectrometer equipped with LiF 
prism. Under these conditions of high resolution 
and dilution, precluding any intermolecular hydro
gen bonding, certain metallocenyl alcohols, depend
ing on structure, can be observed to exhibit unusual 
hydroxyl absorption frequencies and multiplicity 
resulting from the availability of two intramo
lecular hydrogen bonding sites of the hydroxyl 
group—one to the metal electrons and the other to 
the x-electrons of the carbocyclic ring to which the 
substituent-bearing chain is attached. ir-Electron 
hydrogen bonding occurs analogously here in 
metallocene aromatic compounds3 as in benzene 
aromatic3'4 and carbon-carbon 7r-electron systems.5 

The spectrum which best presents together the 
three representative hydroxyl bands typical of 
metallocenyl alcohols is that of 2-ferrocenylethanol 
whose separately resolved peaks at 3632, 3605 and 
3533 cm. - 1 correspond, respectively, to the free, 
7r-bonded and Fe-bonded hydroxyl absorptions. 

Unequivocal assignment of the respective x-
bonded and metal-bonded absorption bands of the 
metallocenyl alcohols comes from the spectra of 
the isomeric exo- and e«rfo-l,2-(a-hydroxytetra-
methylene)-ferrocenes,2 in which only one each of 
the respective bonding modes is possible because of 
the fixed exo- and endo- positions of the hydroxyl 
groups on the non-rotating side chain. The endo-

(21 D. S. Trifan and R. Bacskai, Tetrahedron Letters, No. 13, 1-8 
(1980). 

(3) D. S. Trifan, J. L. Weinmann and L. P. Kuhn, THIS JOURNAL, 
79, 6566 (1957). However, in this earlier publication dealing with 
7r-electron bonding, Fe-bonding was not yet recognized and conse
quently free and 7r-bonded assignments were given, respectively, 
to the actual -K- and Fe-bonded modes for ferrocenylmethylcarbinol 
and 1,2-di-a-hydroxyethylferrocene. Free, non-bonded concentra
tion is unobservabiy low in these examples. 

(4) In a-aromatic systems, D. ,S. Trifan, R. Bacskai, P. v.R. 
Schleyei and C. Wintner, Abstracts, 135th Am. Chem. Soc. Meeting, 
April 1959, p . 9 8 - 0 . 

(5) P.v.R, Schleyer, D. S. Trifan and R. Bacskai, 71HiS JOURNAL, 
80,6691 (1958). 

hydroxyl, suitably positioned for metal-bonding, 
gives rise to the lower frequency bonded absorption 
peak, while the gxo-hydroxyl produces the weaker, 
higher frequency ir-hydrogen bond. In addition, 
intermolecular ferrocene ir-bonding data with pri., 
sec, and tert. alcohols provide limiting values for 
the strength of this type of 7r-hydrogen bond (Av = 
52-38 cm. -1) and confirms the metal-assignment of 
the stronger, higher Av absorption bands. Finally, 
comparative spectra in diethyl ether solvent, where 
all available hydroxyl hydrogens completely bond 
intermolecularly to the ether, directly demonstrate 
that the metal-modified hydroxyl band originates 
from a hydrogen-metal interaction, i.e., an authen
tic hydrogen bond, rather than from a conceivable 
oxygen-metal interaction. 

One-carbon side chain ferrocenyl alcohols give 
intramolecular Fe • • H-bonds with Av values of 57, 
48 and 43 cm. -1, respectively, for ferrocenylcar-
binol, ferrocenylmethylcarbinol and ferrocenyldi-
methylcarbinol, the decreasing sequence following 
normal hydrogen bond acidity dependence. In
creasing the side chain length by an additional car
bon atom in 2-ferrocenylethanol increases the Av 
to 99 cm. - 1 as a result of better bonding geometry. 
However, increased — AS leads to lower concentra
tion of bonded species, with Fe-bonding no longer de
tectable in 3-ferrocenylpropanol. Ferrocene does 
not hydrogen bond intermolecularly with alcohols or 
phenol at the Fe site but exhibits only x-bonding. 
The greater accessibility of the 7r-ring electrons 
compared with the more sterically hindered Fe atom 
must account for this observation. 

Hydrogen bond strengths to other metal atoms of 
various metallocenyl types could provide interest
ing and informative comparisons. Thus far we 
have examined ruthenocene and several of its 
derivatives and have found markedly stronger 
metal-hydrogen bonding for ruthenium compared 
to iron. In analogous alcohols the Ru vs. Fe Av 
values are 102 vs. 48 cm. - 1 and 171 vs. 99 cm. - 1 

for the metallocenylmethyl carbinols and 2-metal-
locenylethanols, respectively.6 Conversely, the 
7r-bonding of the ruthenocene aromatic ring is sub
stantially weaker than that of ferrocene, consistent 
with lower Friedel-Crafts activity.7 

PLASTICS LABORATORY 
PRINCETON UNIVERSITY DANIEL S. TRIFAN 
PRINCETON, N. J. ROBERT BACSKAI 

RECEIVED AUGUST 1, 1960 

(6) Although this Ru:Fe contrast is not significantly reflected in 
the comparative solvolysis rate constants of the corresponding metal-
locenylacetates (J. H, Richards and E. A. Hill, T H I S JOURNAL, 81, 
3184 (1959)), comparative H values for solvolysis would be more re. 
vealing in this connection. 

(7) M. D. Rausch, E. O. Fischer and H. Grubert, T H I S JOURNAL, 
82,76(1960). 


