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I. Introduction

- 1927 - Aston confirms atomic weight of hydro-

gen using a mass spectrometer, finding it in
agreement with investigations using chemical
methods. Proc. Roy. Soc. 1927, A115, 487.

+ 1929 - Oxygen is found to contain a natural
abundance of 70 and '80, implying either
mass calculations had been incorrect, or
hydrogen also had an isotope. Nature 1929,
123, 318; Phys. Rev. 1931, 37, 1670.

+ 1932 - Urey, Brickwedde, and Murphy report

spectroscopic evidence for 2H. Phys. Rev.
1932, 39, 164.

+ 1932 - Several groups predict differential reac-
tivity of deuterium and hydrogen due to differing

zero point energies. Z. Physik. Chem. 1932,
B19, 443; Dauben and McCoy, private com-
munication J. Chem. Phys. 1933, 1, 435.

DEUTERIUM

PENN STATE PHYSICIST
FERDINAND BRICKWEDDE IN
1931 PRODUCED THE WORLD'S
FIRST MEASURABLE AMOUNT
OF DEUTERIUM, A HYDROGEN
ISOTOPE FOUND IN “HEAVY

WATER;"USED IN NUCLEAR AND
BIOLOGICAL RESEARCH.EARLIER,
BRICKWEDDE HAD BEEN CO-
DISCOVERER, WITH HAROLD
UREY AND GEORGE MURPHY OF
COLUMBIA UNIVERSITY, OF
DEUTERIUM.UREY WAS AWARDED
THE 1934 NOBEL PRIZE IN
CHEMISTRY FORTHE DISCOVERY.

FENN STATE ALUMMI ASSOCIATION

[ e——— -

Amerikansk flyangre;p mot

Rjukan og Pemork i gdar.
Hithil er det fastslatt at 20 ker er drepd,

Mange hus edelagt som folge av angrepel.

» 1933 - Lewis and MacDonald
isolate pure heavy water, D,O. J.
Chem. Phys. 1933, 1, 341.

» 1934 - Availability of deuterium as

a naturally occuring isotope in

water contributes to its use in chem- !

istry; ~200 papers published in
1934 alone

+ 1942 - First nuclear reactor built
using graphite as the moderator.
German war efforts concentrated

on using D,O to moderate a reactor :

using natural uranium, breeding
weapons-grade plutonium.

- Il. Theory

Differences in reactivity seen in synthesis arise from two catagories:
A. Differences in free energy, i.e. AZPE X-H vs. X-D.
B. Non-classical penetration, "tunneling.”

A. AZPE

/ &

forHand D, ie. vy Mg

(see chart at leff)  Vu ¢ JMH

‘However, zero point energies (ZPE) differ:

ZPE =3hp— v=5 |

For most bonds, AZPE = 1.2 - 1.5 kcal/mol
And, consequently, Egss = B — Eg

» Ground State (GS) ZPE is comprised
of all degrees of freedom, but affected
predominantly by the ZPE stretching
frequency along the reaction coordinate
z

- Transition State (TS) ZPE is comprised
of those degrees of freedom
orthogonal (on x) to the reac-
tion coodinate z.

» Generally small primary
kinetic isotope effect,
ky/kp between 1 and 7.

= 4

(compare to tunneling, page 2)
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B. Tunneling . lll. Examples in Synthesis
i A. Synthetic Studies
On a reaction coordinate, there is a point 1. orthovs. o vs. lateral deprotonation
where the de Broglie wavelength A of its : tBu  CgDg tBu  CyD,
pariicle of mass m and energy E exceeds : 0. N T/ 0N ﬁ
the barrier width. : \I p D ) oD
: B t-Buli, A Me
h T8 ! THF, =78 °C; _ [/ S
o 2mE J E N Mel |\~///L\,;/
2 : "
. - H ! Ph tBu  ph
At 10 kJ/mol, iy =0.5 Aand hp=0.31 A 5 0. N~
E Py D -Buli, ) P D M
. ‘ ; S \J/ THF, -78 °C; I/ N
Product can be formed without having to e : k} ~ T Mel L A

actually reach the TS, seemingly "digging
a tunnel” through the energy barrier.

For an excelient review of concepts of KIEs and tu

« Tunneling results in an effective lowering
of the activation energy, sometimes quite
drastically.

+ Two factors now contribute to the differing
rates of reactivity between X-H and X-D
bonds, a higher ZPE for H and a lower
energy barrier for H.

- Rate ratios are quite large;
Kp/kp between 20 and 100

* Most of the examples of
exploiting kinetic isotope
effects for synthesis dis-
play a ku/kp indicative of
tunneling.

+ A deuteron can generally be viewed as
"less reactive" compared to a proton.

nneling see Chemistry & Biology, 1999, 191-198.

Clayden, J. Tetrahedron Lett. 1998, 39, 6103; J. Chem. Soc., Chem. Commun. 1998, 297.

Ni-Pry O, Ni-Pr,
s-Buli, THF, 0 j

s-Buli, THF, I

D
~78 °C; CDZ0D —78 °C; Mel ] \\J kiifkp > 50
l 98% U 78% e
(>99% D) (>98% D)
0.__NiPr, 0. _Ni-Pr,
i DH
B j i s-BuLi, THF, j B e
s L\j Me| -787°CMel _ K\J S kifkp =9 - 16
- 100% _
(90 -94% D)
_Ni-Pr, s-Bulli, \ / Ni-Pry . OH
o __TMEDA, _ ~78-0°C;_ [ S O
. T ONHC /“ P
THF, —78 °C MeO™ oo™ ~F g,
(+ 18% o-amide + 24% S.M.)
IJ_\i 0. _Ni-Pry
s-Buli, O _Ni-Pr,
Pra ' TMEDA, _ i T g ~78-0 °C; [ O
T 78°C g oe® e L
MeO” ™ “CD; ¢ Meo” ™ “cp,

Clayden, J. Tetrahedron Lett. 1998, 33, 8377.
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A. Synthetic Studies
2. Asymmetric Lithiation

cv=_ 0 H H s-Buli, H Lif-)-sparteine H D
3 2 (-)-sparteine o CH;0D 2
o L e | By 4
Cby0” “CH; -78°C CbyO” “CHj3 CbyO” “CH,
o /\
Deprotonations of achiral s-BulLi, H TMS
alkyl carbamates assisted H»,_ H (-)-sparteine; /<
7 by (-)-sparteine exhibit cb 0/<CH ——————> CbyO”~ “CHs
N y 3 TMSCI,
N a strong preference for the S
Q. -78°C 86%
pro-S-proton. S06% ee
s-BulLi, s-Buli,
E(D (—)-sparteine; H? TMS H D TMEDA; TMS,_A D
Cby0” "CH;  TMSCI,  CbyO0” “CH, Cby0” TMSCI CbyO™ “CH,
i yo CH3 Pl
-78°C 6% -78°C 95% ee
When a deuteron occupies the favored No configurational restraint is exhibited by TMEDA,
position for (—)-sparteine mediated removal, so only KIE goverens H vs. D removal. "H content
a strong KIE preventes this reaction was found to be 1.3%, and ky/kp >70.

Hoppe, D. Angew. Chem. Int. Ed. Engl. 1993, 32, 394.

Much lower %ee with thiocarbamates! Why? Two

H H s-BuLi, HE hypotheses:
- (-)-sparteine; “ 1. Intermediate anion is configurationally labile and
CbyS~ "CH,; [EY] CbyS™ "CH3 equilibrating, so thermodynamics govern ratio, OR

2. Chiral reagent cannot sufficiently differentiate

~78°C 40-60% ee enantiotopic protons and so kinetics govern ratio

To test this hypothesis, the strong KIE is exploited:

- i s-BulLi,
/2\ TSME;EULI)_K; D i ° (-)-sparteine; D>LMS
CbyS™ "Pr TMSCI CbyS™ "Pr CbyS™ "Pr TMSCI, CbyS
racemic, racemic, -78 °C 93%, >99 %D,
>99 %D >99 %D 34 %ee
kH/kD = 100

Because of the high yield and moderate . o~y . o~ H

%ee, an equilibrium must be in effect s )J\ /< — ; )J\ )\
around a configurationally labile anion. ?\N $° R N ST R

Hoppe, D. Angew. Chem. Int. Ed. Engl. 1995, 34, 323.

B. Natural Product Synthesis
1. Studies toward the leucoaziridinomitosenes

o N|-|2

o]
yNHz §,NH2

OH (0}
H,CO
OH \
MetabonS|s
H,C N NR

OH
FR66979 R = CH,OH DNA cross-linker, leucoaziridinomitosenes
FR900482 R =CHO extremely labile, Decompose within minutes
never observed directly in the presence of water

(Danishefsky)

Conjugate CO,Me

add|t|on BuySn CHO
> M ; /\é\NR — RO/\(
N MsO NHR

Alkylation/ NR

\\Ancpha \\ANCPha 78%

(22% C2 non-
deuterated material)

. Vedejs, E. J. Am. Chem. Soc. 1993, 113, 1607; ku/kp = 35

' Vedejs. E, J. Am. Chem. Soc. 2002, 124, 748.

HO 1. SOCl,, DMSO, HO Bu,Sn
/\8 EtsN, 90% /\e\SnBu;; Mitsunobu /\'ZVH
2. BusSnLi, THF, NCPh;
MOMO  NHcPh, 78 5 0°C MOMO  NHcPh, Momo
CO,Me
N\ CO,Me
N D snBu, 55%
o NCPh, CO,Me N Bu.Sn
CO,M 3
o sg, ~MeLi =65 °C; A\ N 4
D o -—
N P EtOD N SnBug NaHMDS, NCPh,
NCPh, THF/DMPU, MsO H
D_CO,Me NCPh, 60 °C, 47%
.
N T NCPh,
CO,Me CO,Me H COMe

MeLi, —65 °C EtOH D
&D SnBu, ©\/\g7DLi
N N N NCPh,
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B. Natural Product Syntheses |
1. Fredericamycin A ;
5 Ph \TESO OCHg Ph CD;0  OCHj
Ph OCH Ph OCH, ! N OCH
N : --QCHO N ° OO 1. BugNF, AcOH, 96% OCH,
Buli; | Br 2. NaH, CD3OTs, DMF, 81%
Br 82% 5 OCH3OCHj OCH,OCHj
OCH, OH OCH; |
PCC, 85% ;
E ph N
Ph OCH, PheSnH, OCH,4 Ph < OCHs | 0 o OCH 0CD,0CH,
AIBN, PhH, A 1. MesSiOTY, 92% ; _ PhgSnH, OCH,
95% 2. PhSeCl, 91% ! ’.OO * “AIBN,PhH, A . OO
d phse | 0  OCH. | PhSe
OCH, Hs s | O OCH,OCH, O OCH,OCH, O  OCH;0CH;,
: 9% 91%
i H- CHz | Clive, D. Tetrahedron 1993, 36, 7917.
OCH;OCH, Ph \ OCH;OCH;§ Ph ~,,* oCH, !
OCH, > PhgSnH _ L °°H3 | OCHy OCH;, OCHg OCH;,
. . ¢ . : COLEL Ao CO.Et cogt '+ FaBe CO.Et
;AE'N : N B 2 tCCI4,A N| A AgNOs, N X 2 EtOH N B 2
PhS | T Br.
€ OCH; OCHj OCH, OCHj OCH,OCH; ! Br F THF- Hzo 2. B?ADAPPSQ
; Br 58%  OTBDPS
_ o (4 steps) LDA:
H" 2 , o
OCH,4 ‘0 OCH, : 75% b
PhaSnH 5 OCH;0CH; o OCH, OH OCH,
: NaH, co.et /2
: N X _1.DDQ, PhH N X EtOH (cat) NNy =02
OCH; OCHy L OCH; OCH,3 o OCH;OCH, | 5. Ph3P DEAD, |
: MeOH
! OTBDPS 64% (4 steps) OTBDPS OTBDPS
H3CO !
o o_ 5 PhgP=CH,
PN o '
Ph « o "o AcQ ™SO :
A OCH, e Ir:jigglo erxndducts 5 OCH; OCH; OCH;0CH; _OH OCH;OCH; cHo
OCH, dplose i
Br Attempts at ocH, readily N X _ BHg'DMS; N X Swern N| X
preparation AcO o ! H.O.. NaOH 86% P
0.,-0  unsuccesstul i°°”3 ; 2%z, Na °
R’ SO | OTBDPS OTBDPS OTBDPS
3 1
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B. Natural Product Syntheses
2. Norzoanthamine
OCH;OCH;, OCH3;OCH3 cHo
°°”3 N X BuLi;
OO P THF, Et,0
65%
OCH;OCHj, OTBDPS
TBDPSO
1. PhgBiCO;,
PhCHg—Py, OCH;,3 Norzoanthamine R = H
80 °C, 80% H3;CO Zoanthamine R= CH3
2. LDA, Buli,
PhSeCl, 70% OCH,
OCH, 0 oTMS e 0 HO Me

PhsSnH, EtsB, O,
50%

CH;0CH,0

PhSe

OTBDPS

. OsOy, Py, 97%

. Pb(OAc),, 90% OCH,
. TBAF, 80% H,CO
. MnO,, 77%

HON =

2. TMSCI, Nal
54% (2 steps)

BBr3, —78 °C; OCH,
THF, H,0, air

fredericamycin A

Clive, D. J. Am. Chem. Soc. 1994, 116, 11275.

/\
OHC o ~TBS

o)
Me TBS

Ronps

OTIPS 1, Im,CS, PhCHjg, 90 °C|92%
2. Et3SiH, Rh(PPhy)sCl,

Me Buli, ZnBr,,
THF, =78 °C Me
84% (2 steps)

“C“Z\QENE TMSCI, THF
+ —_—
omPs” 40°C

THF, 50 °C
1. Ac,0, Py, .
DN2|AP 3. Ky,COg3, MeOH, THF | 86%
Me o TBAF, THF OH Me o] Me

LiBEtzH, THF
TBS —78 °C, 98%

96% (2 steps)

TBS 3. MnO,,
CH.Cl, Me

1. Meli, Et,0, -100 °C
2. TPAP, NMO, 4A ms
97% (3 steps)

Me
1. hv, rose bengal

0O,, CH.Cl,, 0°C

TBS
2. TBAF, Mel, Me'
THF, 97%
(2 steps)

(0] OTBS
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CO,Me

trichloro-
Me e _benzene ! OTBS
Me 040 °C ! 2. DMP, CH,Cl, Mé'
] 82% (2 steps)
oTBS HE-py, THE | OTBS 5 T NBoc
51% (2 steps) ! e “iMe
: Me
| . ACOH, ) °
.OTBS 1, TBSOTf OH ; " 2
82% (2 steps) Ks-BuzBH, !
Me' ,/Me 2. Ti(OEt), Me 47 CH,Cly, THFME L e OH 1. TBAF, THF, 70 °C
H /=03, TESOT =0 -718°C ! Me 2. (NH,)Mo;Oz
0 90% (2 steps) “i0 H20,, K,COg
1. DIBAL, PhCHj,, —78 °C ;
85% (repeated 3 times) | 1. TPAP, NMO, 4A ms, CH,Cl,
2. PhsPCD,Br, KHMDS, | 2. NaClO,, NAH,PO,, H,0O, +BuOH,
THF, 0°C ' 61% (6 steps) 2-methyl-2-butene
3. 9-BBN, THF, 80 °C; H,0, : 3. TMSCHN,, MeOH, CH,Cl»
4. LHMDS, TMSCI, THF, —65 °C
OTES ! 96% (3 steps) | 5. Pd(OAc),, CH3CN, 50 °C
\0TBS H i
° b (CH30),CO T |
D +BuOLj, i
THF, Me D
OHHMPA, 70 C; ! AcOH, H,0, 100 °C
Mel, 92% ! 24 h
OMe O 5
1. t+BuOLi, THF,|83% E
DMPU; Mel |
2. Meli, Et,0O !
3. TBSCI, Et3N, | 88% i
DMAP, DMF ; o 24h
TH,0 | M Me
+ MeO  Me - 2 ; e
; 2,6-di-t-BuPy; | Basic Al,O3, MeOH
OTBS undesired o ' K
9% DBU, 80 °C ' o 1h h, 81% (3 steps)
(nondeuterated: |
~ desired 30%) ‘
MeO 81% ; norzoanthamine
(nondeuterated:
66%) ; Me

Miyashita, M. Science 2004, 305, 495.




