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Kay Kim Olmstead? and Alex Nickon*
Department of Chemistry, Johns Hopkins University, Baltimore, MD 21218, USA
Respectfully dedicated to the memory of Derek H.R. Barton

Received 1 September 1998; revised 20 October 1998; accepted 23 October 1998

Abstract: For 1,2-shifts in singlet carbenes, a tetrahydropyranyl oxygen strongly
activates its adjacent H's. To determine whether this activation is stereoselective for Hyy or Heq,
we studied d-labeled analogs of 17a—oxa D- homostermdal C-16 ketones (6a). A putdlwe
carbenc center was gcnerau.d at C-16 u_y thermal and p puuuu Bamford-Stevens reactions, and the
relative proportions of H and D shift from C-17 were assayed. After correction for primary H/D
isotope effects, the Hax/Heq migration ratios in thennoly51s were 2.2 at 170 °C, 3.3 at 120 °C,

and 4.1 at 95 °C; and in photolysis it was 4.4 at -70 °C. The ratio at 170 °C is virtually the
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activates Hayx and Heq non-stereoselectively. Graphical analysis of the temperature dependence
in thelmolysns gave M (or A(AH*)) 2.7 k cal/mol (in favor of Hax) and A(AST) 4.5 e.u. (in
favor of Heq) Extrapolation indicates the Hax/Heq ratio wouid be ca. 10 at room temperature,
corresponding to A(AG ) = ca. 1.35 kcal/mol. © 1999 Elsevier Science Ltd. All rights reserved.

Introduction
Singlet carbenes generated in various ways frequently undergo |,2-migration of H (or, less often, other
groups) to produce alkenes.! Early research? established that non-migrating (i.e. bystander) substituents

markedly assist the H shifts; and more recentlv the magnitudes of assistance by several different bystanders (B)

generated by thermal Bamford-Stevens (B-S) reactions. '

type B-CH;-C-CH3 generated mal Rar

is widely accepted that during H shift the origin carbon becomes electron deficient (see Scheme 1, T = group
attacnea o termlnus CZII'DOH), and [ﬂlS VICW IS :,uppurleu Dy CXpCHIHCHldl Ill'l(llﬁg’;“ that DySt&HGCI‘b Cdplee of
electron release (e.g. R, OR, Ar) facilitate the 1,2-shift and by various theoretical computations.3:4.5 Alkyl
substituents can donate electrons through hyperconjugation;4 and OR (a strong activator)® presumably does so

by lone pair delocalization and an aryl” through 7 involvement when its ring can adopt the proper orientation.
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For acyclic carbenes the magnitude of H acceleration by a given bystander differs according to whether
the transition state leads to a Z or E alkene.!-4 The superior activating power of alkoxyl relative to alkyl is
evident from product ratios in carbenes of type 1. In thermal B-S reactions at 160 °C, alkenes Z-2 are favored

over Z-3 by factors of 12.2 (R = CH3)2b8 and 25.8 (R = Et).8.9

R OMe R OMe R OMe
L ] > L + o
N X
1 Z-2 Z-3
a) R = CH; — = 122 : 1
b)R=CH,CH; —— 5 2538 : 1

In cyclic carbenes, various stereochemical features can also influence H shifts. For example, in chair-
shaped cyclohexylidenes generated by B-S reactions migration of a 2° Hay is preferred over a 2° Heq by a factor
of ca. 2.1510 in thermolysis at 160-170 °C, and by a factor of 1.40!! in photolysis at 25 °C. And how much a
bystander a-substituent (such as OR, R, Ar) affects these rate ratios depends on whether that substituent is itself

axial or equatorial.1.10 Specifically, for a bystander OMe the approximate relative migration rates for a-H shifts

[+

:

L
s

»]

]
&
=2

>
&

3

2

4

3

Py rl-\ anirmarg N
ifi e CPUUCID allu

r'ay V! 7 AN Lo o A ls Yo Y6 R AR A S A AS

equatorial OMe (4) increases kHax by a factor of 64.2/2.15 = 29.9, whereas axial OMe (5) increases kHeq by
only a factor of 1.6. Clearly, the ability to lower the E, for H shift depends markedly on the initial
stereochemistry of the OMe; equatorial OMe is a more powerful activator than axial OMe by a factor of ca. 19
(i.e. 29.9/1.6).
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around the C-OMe bond, which in turn couid influence ione pair iocations, we reportedi2 on B-S reactions of
the steroidal ketone 6a having an oxygen in a trans-locked, decalin-type ring. The corresponding
tosylhydrazone Li salt 6¢ (prepared from 6b with BuLi) gave alkenes 7 and 8 in the ratio 21:1 on thermolysis at
170 °C, and in the ratio 14:1 on photolysis at -70 °C. In both cases, ring-opened product 9 was also produced
(by a non-carbenic side reaction).!32 The 21:1 regioselectivity in the thermal case demonstrates that ring oxygen
activates its adjacent C-17 H's more effectively than ring alkyl C-14 activates its adjacent C-15 H's; and the 21:1

preference is comparable to the selectivities noted above for acvclic analogs 1a and 1b,
A~ 017 1O iy OH
oA grheRis
< NN 2 AN | 7NN
(| ] Jris R BN R H
MeO
6 7 8 9

)R=0 A (170°C) — 7/8=21/1

0) R =NNHIs hv (<70 °C) —= 7/8 = 14/1

¢) R =NN(Li)Ts

In the heterocyclic ring of 6 the axial and equatorial bonds at C-17 initially have different spatial
relationships with respect to the lone pairs on ring oxygen. Therefore, as H begins to migrate, any quantum

mechanical mixing of lone pair orbitals and the antibonding orbitals of these C—H bonds could differ for Huy and

Heq. (Compare various anomeric effects in neutral molecules, and in cationic, anionic, and radical reactions of
a-substituted tetrahydropyranyl systems.)!415  An additional feature in our heterocyclic carbene is the

possibility of 1,3-delocalization of an oxygen lone pair into the vacant p orbital of the (singiet) carbene. Such
1,3-interaction might alter the stability of the starting carbene as well as of a transition state during
rearrangement. Therefore, it was important to learn whether the strong activation by ring oxygen in 6 selectively
favors one of its a-hydrogens over the other, i.e. whether the Hax/Heq shift ratio at C-17 differs significantly

from the normall0 ratio of ca. 2.15.

Synthesis and B-S Reactions

Our approach required deuterium labeled analogs, whose syntheses are summarized in Scheme 2.
Deuteroboration of known!2 enol ether 7 gave the d-labeled counterparts (10 and 12) of known 16 o.- and 16p-
alcohols,2 with D necessarily cis to OH in each case. After separation, the alcohols were individually oxidized
to their respective ketones (11a and 13a) under selective conditions that minimized loss and epimerization of
onding n-tocylbydraze“e {(11b and 13b). Scheme 3
1 as relevant 'H NMR chemical shifts, which agreed with expectations
based on the known non-labeled series.!2 For additional confirmation, we also reduced ketones iia and i3a
(as well as the naturai abundance analog)!? with NaBD4. The major product was C-16 a-alcohol (i.e. OHagy,
Degq). and the IH NMR chemical shifts and J couplings in each of these three reference compounds were likewise
consistent with our D assignments at C-17.
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which were thoroughly dried and thermolyzed (neat) at three different temperatures (170 °C 120 °C, and
95 °C). Also, a pentane suspension of each salt was photolyzed at -70 °C. Under aprotic conditions such B-S
reactions are known to proceed via labile diazo intermediates, which initially generate singlet carbenes on loss of
N (see 14 — 15 > 16 — 17 in Table 1).16.17

The major alkene (17) from each run was separated from the product mixture and purified, and the
relative proportions of positional isotopomers 17a and 17b were determined by integration of the two vinyl H

gnals and correction for dg contributions (Table 1). These data provided the individual kﬁ/‘rn isotope effects
(termed lax and leg) for shift of Hax and Heq and, ultimately, the desired Hax/Heq migration ratios. Table 1
summarizes all the relevant data
Table 1. H vs D Shifts from C-17 in Thermolysis and Photolysis of Li Salts
| X /k X
17 \’/ 1Y
( 4,0\,x Aorhv | %\Q——L\ | Q——L. , [ |
4l /l\)l‘JQ\Y l Q:——\\\K\Y —’. l ﬂE__.—\\\L Y ]\ '/Ek\/lm X
g NNLiTs H N, H H
1A 15 16 17
14 a7
a)X=H,Y=D a)X=H,Y=D
b)X=D,Y=H b)X=D,Y=H
Alkene 17 Corrected |H/D isotope| Migration
Substrate | Conditions | Mass Spec.(Rel.%) Ratio® Effect’ Ratio
d_o £1 d; | 17a N7b [T T Teq | Hax/Heg
14a A, 170 °C 123 | 856 | 21 29 '
We (<1mmHg) _ _ _ _ ~ - 22°
e B -
14a 0 16.7 | 76.6 | 6.7 e
8 [ A1200C ] | T | 2L | 43 20| 1.3 3.3
i4b (<immHg) i2.0 | 86.1 i.9 0.5
id4a e 11.9 | 83.1 5.0 54
134 A95°C | 119 9% | S | O 20| 13 4.1
14b (<1mmHg) 12.7 | 87. 0.0 0. 50
1 4a B hV, pentane 1 1 .6 87.5 O.g 5 4 1.8 12 4.4
14b -70°C 11.2 | 85.3 35 0.41°

aDetermined by 1H NMR (400 MHZ) and corrected for the natural abundance componem (which contributes

quauy to each of the vinylic H blguaxa} by use of the mass spectral dg and dy values. We did not further refine
these corrected ratios for the small amount of stereochemical inhomogeneity of the d; species. Such refinement
would not alter the numbers perceptibly because of the high conﬁguratlonal purity of each monolabeled ketone
precursor (normalized Deq/Dax = 94.7/5.3 in 11a; and DaxDeq = 92.7/7.3 in 13a. PFrom our presnet data along
with earlier findings (ref 10b) that I3y = 1.53 I¢q for therm1 B-S and Iax = 1.44 I¢q for photic B-S. cThis D
epimer was not studied at 170 °C; therefore I,x an(? Ieq at this temperature cannot be evaluated directly. 9Derived
from the data on 14a along with the assumption that Lx=20 and Ieq = 1.3, i.e. the same values as found at

120 °C and 95 °C. ¢Average from two runs. Uncorrected |H NMR ratios were measured for each run, but

nnnnnnnnn 1 acgay af allrana 17 wac dnana anly |n tha firct rin: and thaca cama Ax amd A. valivac wwara aloa
lllmb BIJD\.«ual a-bba] UVl ailnhViiv 17 vwad uviiv Ulll] 111 U1V 1Ol 1Ull, aliu tiwoLw sallic up) aiia ul Vaxl.lc) wWCICT apdQ ubcu

to correct the NMR data from the second run.
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the normal ratio for cyclohexylidenes at comparable temperature.10 Therefore, although ring oxygen powerfully
activates both C-17 H's for migration, it does not favor one H over the other. Evidently, the initial spatial
differences of oxygen lon pairs and C-H bonds are not related to degree of activation. This conclusion does not
imply that spatial relationships are unimportant but only that Hax and Hegq shift in our heterocycle benefit about
equally in terms of net AG¥.13b

Note that the Hax/Heq selectivity went up as the temperature was lowered, viz. 3.3 at 120 °C and 4.1 at

95 °C. This trend when displavad Qranhically (Fig. 1) as a linear Arrhenius-tvpe plot r

23322 {2l a2l 2l V2 prepraiall 27 Sl J > oY

lated to Eq. 1 {orto its

t
nearly equivalent thermodynamic expression Eq. 2)18 provides a slope and intercept corresponding to Eq. 3.
Therefore, aithough the E, (or AH*) for Hay shift is lower than for Heg shift (by ca. 2.7 kcai/mol), the frequency
(i.e. entropic) component favors Heq shift (by ca. 4.5 e.u.). Graphical extrapolation indicates that the Hax/ch
selectivity would climb to 9.8 at 25 °C and would fall to unity around 325 °C; and above 325 °C, Heq shift
would prevail because of dominance of the A(AS¥) component. We are mindful of the potential experimental
errors inherent in B-S methodology and in a graphical plot involving just three data points and a limited
temperature range; consequently these numbers should be viewed only as quasi-quantitative. Nevertheless, they

do reveal for heterocycle 6 (and perhaps for other cyclohexylidenes) the importance of temperature in

comnetitive H miorations. esneciallv when enthalnic and entranic factors favar differant onteamec 19

LUMLPOUL YL IR LA GUULS, LopRIRany WML LARNGIPIL QUL VLRIV 1801000 1aVO GILITITOL VLl Uil s,
In the R_Q nhatnlueoe condurtad at - 70 °C' tha ahcarved /H_ _calertivity wac A A4 a yalne casminaly
AL Ui 7T ZIeUsUe Yol o VYUV UVILVLE G A Ny VIV UUDWL YWV Llaxl&xeq Owivwililvit ywaa r.Sry, a4 vaiuw Db\«ululsl]

fairly similar to those from the thermal runs. However, an appreciation of the conirast between thermal and
photic B-S processes becomes striking if we realize that the graphical plot in Fig. 1 predicts for thermolysis at
-70 °C an Hax/Heq ratio of 82! Therefore, when researchers compare behavior of carbenes generated thermally
vs. photically, not only must they consider whether some of the products arise directly from excited states of
nitrogenous precursors!7 but also whether temperature differences play a significant role. Similar caveats apply

to comparisons between theoretical calculations and experimental data.4

1-5 _1 T 171 TVrIrr rrrT Ty I TTTY TTY Tq
L] R — S—— K AR 1 A
,; S (Y2 () (52 ) Eq
R - .,/ =
In(k /k ) " / z
ax eq r ] 1
1.1 /. K. —A(4aH aast
5 4 ] (o2 7AWy 2T s
1L 740 N S E ‘ Req’ R I/ R
: L] k 1
0.8 g iho b b3 I (=) = 1355(—=) — 2266 Eq.3
: ‘/ ; ; ] (‘keq) ( T)
Qi-7 -Ilil IIlikllll!!l‘lllllllllll‘
22 23 24 25 26 2.7 2.8
1/Tx10°
Fig. 1
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General. Unless stated otherwise, all experimental features involving deuterated compounds are the
same as reported earlier for the natural abundance analogs.12

Deuteroboration of Enol Ether 7. Deuteriodiborane was generated by very slow addition of BF3
etherate (3.5 mL, 28.5 mmol) to a stirred solution of NaBDy4 (Aldrich, 99.9% D, 1.0 g, 24 mmol) in dry
diglyme (20 mL). Throughout addition a slow stream of Ar carried the evolved (BD3)> gas through a second
solution of NaBDj4 in diglyme (1 M, 10 mL) and then into a solution of enol ether 712 (4.27 g, 15 mmol) in
dry THF (50 mL) maintained at 0 °C. After BFj ctherate addition was complete (ca. 1h), the generator solution

was stirred 30 min longer at room temperature then was heated at ca. 80 °C for 1 h. The reaction vessel was
disconnected nd treated with 2N NaCH (15 mL) followed by dropwise addition of 30% HQOQ (12 mL). The

N s oo ' T B

deuterio-i6o-ol 10 (2.54 g, 56%, mp 132-133.5 °C) and 17p-deuterio-16f-0i 1Z (0.60 g, 13%, 148-
150.5 °C). High Resolution MS data appear in Scheme 3.

Oxidation of 170-Deuterio-3-methoxy-17a-oxa-D-homoestra-1,3,5(10)-trien-16a-o0l
(10) with 2.2'-Bipyridinium Chlorochromate.29 A solution of 17a-D-16a-0l 10 (130 mg, 0.43
mmol) and 2.2'-bipyridinium chlorochromate (BPCC, Aldrich, 500 mg, 1.72 mmol, 4 equiv.) in dry CH,Cl,
(15 mL) was stirred 4 h at room temperature under Ar, during which time dark brown granular solid appeared.

It was collected in a Hirsch funnel packed 2 cm deep with Celite, which was then washed with ether (30 mL).

e produc g alcoho chromatography
(silica; 1/1 hexane/ether) gave starting alcohol (20 mg) and ketone 11a (86 mg, 66%). 'H NMR (400 MHz)
before and after chromatography showed virtually the same ratio (90:5) of 17aD/17BD in ketone iia. High

Resolution MS data appear in Scheme 3.

Oxidation of 17f-Deuterio-3-methoxy-17a-oxa-D-homoestra-1,3,5(10)-trien-16p-o0l
(12) with Barium Manganate.2! A mixture of 17B-D-16[3-0l 12 (27 mg, 0.089 mmol) and BaMnOg4
(Aldrich, 70 mg, 0.271 mmol) in dry CHj Clp (30 mL) was stirred at room temperature under Ar. After ca.
70% completion (80 h) the reaction was stopped, and the black suspension was filtered through a short column

of silica, which was then washed twice (50 mL) with CH2Cly. Colum n chromatograph

419 NMR analvel
i aiyo

%). NMR analysis before
Scheme 3.

Reduction of Ketones with NaBD4. (a) Natural Abundance Ketone 6a.i12 A solution of
NaBDy4 (Aldrich, 99.9% D, 3 mg, 0.072 mmol) in water (0.5 mL) and methanol (2 mL) was added to a stirred
solution of ketone 6a (20 mg, 0.067 mmol) in methanol (5 mL). The mixture was warmed to 40 °C for 20 min
and stirred at room temperature for an additional 20 min. Normal workup by ether extraction gave 19 mg (94%)

of crude alcohol mixture, from which pure axial alcohol (15 mg, 74%) was isolated by preparative TLC
(silica/ether); mp 131-133 °C (1it12 132.5-133 °C). 'H NMR (400 MHz, CDCl3) & 3.68 (d, 1H, Jgem = 11 Hz,

C-17BH), 3.92 (dd, 1H, Jgery = 11, Iy, = 1.5 Hz, C-17aH). In CgDg 8 3.35 (d, 1H, Jgem = 11 Hz, C-178H),
3.74 (dd, 1H, Jgem = 11 Hz, Jw = 1.5 Hz, C-17aH). The mp and NMR are consistent for a 160-OH, 163-D

stereochemistry.

et
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(b) 17¢-D-Ketone 11a. Reduction of 11a and workup similar to that in procedure a gave 59% of
JEG W skl P, PRy R [a] ~ __ .
doubly labeled 16ai-alcohol (16p-D, 170-D), mp 131.5-133.5 °C. In C¢Dg the 17B-H appeared as a broad
singlet at 8 3.32.

(c) 17B-D-Ketone 13a. Reduction of 13a as in procedure a gave 70% of doubly labeled 160t—
alcohol (16B-D, 178-D), mp 131-133 °C. In Cg Dg the 170-H appeared as a broad singlet at § 3.72.

Preparation of Tosylhydrazones. (a) From Ketone 11a. A mixture of 170-D-ketone 11a
(31 mg, 0.066 mmol) and p-toluenesulfonylhydrazide (12 mg, 0.064 mmol) in absolute ethanol (20 mL) was
stir cd at room temperature for 20 min, during which time solid 11b precipitated. Tt was collected

1 a
ecrystallized from ethanol; 23 mg, 75%, mp 157.5-159.5 °C (dec) (lit!2 161-162 °C, dec). 'H NMR (4

MHz, acetone-dg) & 4.13 (bs, 1H, C-17fH). A weak double doublet at & 3.91 (< 0.1H) was visible and

corresponded to the small proportion of dy species.!? Owing to extensive fragmentation, 11b did not show a

o]

molecular ion in a high resolution mass spectrum.

(b) From Ketone 13a. This ketone was converted to 17f3-deuteriotosylhydrazone 13b (70%) mp
157.5-159 °C (dec) by the procedure used in part a. 'H NMR (acetone-dg) & 3.89 (bs, 1H, C-170—~H). A
weak (< 0.1H) double doublet at 3 4.15 corresponded to the small proportion of dg species. 12

Preparation of Li Salts. (a) From 17c-Deuteriotosylhydrazone 11b. A stirred suspension

of 11b (44 mg, 0.094 mmol) in dry benzene (5 mL) in an oven-dried flask was treated with n-butyllithium (0.3
M in hexane, 0.3 mL, 0.090 mmol) at -70 °C under Ar. After 1 h, the solvent was evaporated, and the white

salt 14a (43 mg) was dried at room temperature for 10-15 h at 1-3 mm Hg
Y Denner 1T7TR MNasstariandncolhordnasana 110 Der o svsevmemdieras o = mmed = 12L ~ UL
\v; rivin 1/ p-ucuu:l lUlUDJ ulyun ALUIIT 1. D_Y a l}l CCUUIC dd 11} l)'d.lt d, 130D (47 I ') wdas

converted to its Li salt 14bh, which was dried as described.

Control Reaction. Regeneration of Tosylhydrazone 11b from Li Salt 14a. To test for
possible configurational change of D during salf formation we added HyO to Li salt 14a. The pink aqueous
solution was washed with ether, and the aqueous layer was acidified at 5 °C to pH 6-7 by dropwise addition of
0.1 N H3S04 to precipitate tosylhydrazone 11b (total recovery 73%, mp 161-163 °C, dec). In the |H NMR
(400 MHz) of 11b, the ratios of 170-D : 17B-D : natural abundance species were 86.5:1.0:12.5 before

conversion to Li salt and 83.5;1.5:15.0 after regeneration from the Li salt, ¢ nﬁrmmo that D stereochemistrv had

152 4} 11 11O1EL LI 2 B it VL S PSSR A et ) A ST S

been largely preserved.
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(0.5-1.0 mm Hg) for 2 h. Column chromatography (silica/hexane) of the white solid distiliate gave pure aikene
17 (58%) and a mixture (ca. 1:3 by NMR) of the d-labeled counterparts of alkenes 8 and 9 (ca. 8.3%). The
relative proportions of 17a:17b in the major alkene were determined by 'H NMR integration of known vinyl H
signals,!2 and deuterium content was assayed by High Resolution MS. Salt 14a was similarly thermolyzed at
120 °C (duplicate runs) and also at 95 °C. All analytical data are displayed in Table 1.

(b) Li Salt 14b. The dry salt was thermolyzed at 120 °C and also at 95 °C under vacuum (0.025-

0.50 mm Hg) for 4 h. NMR and mass analyses are given in Table 1

Photolyses of Li Salts.!2 (a) Li Salt 14 a. In duplicate runs dry salt suspended in dry pentane
area Ao A ne gtivead and teeadiatad ot TN O Ffare 2 h with o mmadinm_mraccenrea Ha lamam anmd ol ad sy ag
WACH Al dd SULIICTU allu [lidadlalCu at /U o 1ut o 11 il a IIIUUIUIII‘PICDOUIC 115 1a llP 4anag wWorkea UP ady

'—h

reported.!12 Direct analysis of the alkene product mixture by 'H NMR (400 MHz) provided the 17a:17b ratio,
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nsisted of the d-counterparts of 8 and 9.

(b) Li Salt 14 b. In duplicate runs, dry salt 14b was photolyzed for 2 h at -70 °C as in procedure a.
See data in Table 1.
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